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Root processes – decomposition, production, and mortality – are intrinsic parts of ecosystem carbon 
cycling and yet have been understudied in the context of biodiversity-ecosystem functioning 
relationships. In a long-term grassland diversity experiment (the Jena Experiment), I investigated (1) 
whether and how plant diversity affected root decomposition and (2) how plant diversity enhanced 
standing root biomass and influenced root turnover.
Plant diversity may affect root decomposition via three non-mutually exclusive pathways: (1) root
litter quality, (2) soil biota, and/or (3) soil abiotic conditions. In Chapter 3, via three decomposition 
experiments, I demonstrate that plant species richness negatively affects root decomposition via the 
root litter quality pathway and the soil environment pathway (including soil biotic and abiotic 
conditions). The presence of grasses negatively affects root decomposition while the presence of 
legumes positively affects root decomposition. In Chapter 4, I further explored the pathways driving 
the relationship between plant diversity and root decomposition using structural equation modeling. 
The final structural equation model suggests that root chemistry is a universal pathway for explaining 
the effects of plant diversity on root decomposition and that Oribatida are also involved in root 
decomposition. Most importantly, I directly show that different measures of plant diversity influence 
root decomposition via different pathways. 
In Chapter 5, I shift my focus to root production and mortality which collectively determine 
standing root biomass. I monitored in situ root dynamics biweekly for one growing season using 
minirhizotrons. I show that plant species richness consistently enhances standing root length 
throughout the observational period. However, plant species richness did not affect rates of root length 
production, mortality, or turnover. Only root lifespan increased with increasing plant species richness. 
The lack of significant diversity effect on root length-based measures may be due to the age of the 
studied communities. In mature grasslands, plant species richness may only have a minor effect on root 
turnover and one growing season may be too short to detect such a small effect.
The results of this dissertation collectively provide new insights into the relationship between 
plant species richness and soil carbon stock in mature grasslands. Based on the new paradigm of soil 
carbon formation, plant species richness may enhance soil carbon stock through a greater input of 
partially decomposed root residuals (reduced root decomposition) and a higher input of root exudates 
(increased standing root biomass).
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1.1 Biodiversity-Ecosystem Functioning Research in the Context of Global 
Biodiversity Loss
Biological diversity on Earth is rich but declining in the Anthropogenic Epoch. To date, an 
estimated 1.7 million species of plants, animals, fungi and protists have been described (IUCN 
2017). New species are discovered constantly and described at a rate of about 20000 species per 
year (1995-2015; Christenhusz and Byng 2016). However, due to a variety of causes such as 
overexploitation, habitat fragmentation and loss, over fertilization, pollution, species invasion, and 
climate change (Millennium Ecosystem Assessment 2005; Harpole and Tilman 2007; Branch et 
al. 2013; Urban 2015; Maxwell et al. 2016), species extinction is happening at 100 times faster 
than the background level in nature (Barnosky et al. 2011; Ceballos et al. 2015). Scientists warn 
that with current and projected species extinction rates, we are approaching the sixth mass 
extinction in Earth’s history (Barnosky et al. 2011; Ceballos et al. 2017).
This rapid decline of global biological diversity, including the loss in the variety of genes, 
species, and functional traits as well as the loss of the complexity of ecosystems (Secretariat of the 
Convention on Biological Diversity 2005), raises concerns about the potential consequences for 
ecosystem functions and services, and consequently human well-being. Ecosystem functions are 
ecological processes that drive fluxes of energy and matter in an ecosystem (Cardinale et al. 2012). 
Examples of ecosystem functions include biomass production, decomposition, and carbon 
sequestration. The corresponding ecosystem services, i.e., benefits that ecosystems provide to 
humanity, include but are not limited to provisioning foods and goods, maintaining soil fertility,
and regulating climate (Millennium Ecosystem Assessment 2005). These provisioning and 
regulating services partially influence the health, happiness, and prosperity of human beings.
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These concerns about potential consequences of biodiversity loss stimulated the emergence 
of Biodiversity-Ecosystem Functioning (BEF) research. Since the 1990s, a series of plausible 
hypotheses for BEF relationships have been proposed and hundreds of studies have been 
conducted in the laboratory and in the field to deepen our understanding of BEF relationships
(Tilman et al. 2014 among others). Experiments that manipulate biodiversity at genetic, species 
and functional levels provide unique chances to measure biodiversity effects, to unravel the 
underlying processes and mechanisms, and to compare the relative importance of biodiversity 
versus other forces for ecosystem functions (Cardinale et al. 2012; Tilman et al. 2014).
1.2 Biodiversity-Ecosystem Functioning Relationships
1.2.1 Current knowledge of BEF relationships and underlying mechanisms
After over two decades of BEF research, there is a consensus that biodiversity promotes a wide 
range of ecosystem functions such as biomass production, nutrient retention, decomposition of leaf 
litter, soil carbon sequestration, inter-trophic interactions, and ecosystem stability (Balvanera et al. 
2006; Cardinale et al. 2011; Allan et al. 2011; Hooper et al. 2012; Tilman et al. 2014; Lange et al. 
2015; Weisser et al. 2017). Consequently, biodiversity likely supports many ecosystem services 
like food provision, climate regulation, pest control, and pollination (Millennium Ecosystem 
Assessment 2005; Balvanera et al. 2014). Long-term plant diversity experiments further show that 
the positive effects of plant diversity strengthen over time through progressive decline in 
functioning of species-poor communities and progressive increase in functioning of species-rich 
communities (Allan et al. 2011; Reich et al. 2012; Meyer et al. 2016). Moreover, the effects of 
plant diversity on production and decomposition are quantitatively comparable to the effects of
several environmental changes such as elevated carbon dioxide (CO2) and nitrogen precipitation 
(Hooper et al. 2012; Tilman et al. 2012; Flombaum et al. 2017). In addition to individual ecosystem 
functions, evidence is accumulating that high biodiversity is required for sustaining multiple 
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ecosystem functions (i.e. multi-functionality) in the changing world (Hector and Bagchi 2007; 
Isbell et al. 2011; Maestre et al. 2012; Lefcheck et al. 2015; Mori et al. 2016; Meyer et al. 2017).
Among individual ecosystem functions, primary production has received an especially high 
level of attention (Balvanera et al. 2006; Cardinale et al. 2011). Many are focusing on 
understanding the underlying mechanisms. Strong evidence shows that plant diversity enhances 
primary production spanning aquatic and terrestrial ecosystems (Cardinale et al. 2011). In 
grasslands, both above- and below-ground standing biomass increase with increasing plant species 
richness (Tilman et al. 2001; Marquard et al. 2009; Ravenek et al. 2014). This positive relationship 
between plant diversity and community standing biomass gets stronger over time (Marquard et al. 
2009; Ravenek et al. 2014). Multiple non-mutually exclusive mechanisms may contribute to the 
enhanced primary production in high-diversity communities: (1) higher probability of including 
high-performance species, (2) greater community resource use due to resource partitioning in 
space and time, (3) lessened pressure from species-specific pests and pathogens, and (4) enhanced 
nutrient retention and recycling within the community in the long term (Tilman et al. 1996; Ruijven 
and Berendse 2005; Cardinale et al. 2007; Maron et al. 2011; Cardinale et al. 2011; Tilman et al. 
2014; Hendriks et al. 2015; Wright et al. 2017b).
While the positive relationship between plant diversity and primary production is well 
documented and relevant research has delved into the underlying processes and mechanisms (see 
above), many other ecosystem functions are less well studied in the BEF research such as root
decomposition, soil carbon sequestration, nutrient cycling, and inter-trophic interactions. 
Moreover, the majority of BEF studies have had an aboveground focus although a substantial part 
of important ecosystem functions take place belowground. To date, soil ecologists have made 
considerable progress in understanding soil biological diversity and its ecosystem functions
(Bardgett and van der Putten 2014). However, these knowledge advances are not well integrated 
into the dominant plant-centered BEF framework (Bardgett and van der Putten 2014). One way to 
bridge below- and above-ground BEF is to follow carbon cycling in ecosystems, where roots play 
central roles.
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1.2.2 Central roles of roots in the biodiversity effects on ecosystem carbon cycling
In the context of climate change, using carbon cycling as a focal point around which to organize 
BEF relationships will benefit research on the role of biodiversity in removing atmospheric CO2 –
which may mitigate climate change (Díaz et al. 2009). Ecosystem carbon cycling involves multiple 
carbon stocks and fluxes linking these stocks. The atmosphere, vegetation, soil, and the ocean are 
the major carbon stocks (Ciais et al. 2013). In terrestrial ecosystems, the soil is the largest carbon 
stock; the amount of carbon stored in the soil is greater than the sum of carbon stored in vegetation 
and atmosphere (Ciais et al. 2013). In a simplified version of terrestrial carbon cycling, 
atmospheric carbon enters the vegetative carbon stock via photosynthesis; dead vegetative carbon 
moves to soil carbon stock via decomposition; and during decomposition, a fraction of vegetative 
carbon is respired and released back to the atmosphere. Correspondingly, biomass production, 
mortality, and decomposition are distinct processes within the carbon cycling. Yet, in the BEF 
research, we are largely missing the belowground components of these processes.
Root processes are intrinsic parts of ecosystem material cycling belowground, and thus they 
are important for understanding the positive relationship between plant diversity and soil carbon 
stock found in grasslands (Fornara and Tilman 2008; Steinbeiss et al. 2008; Cong et al. 2014). 
Root decomposition is directly linked to the soil carbon stock and contributes to different soil 
carbon fractions. During decomposition, a fraction of labile root compounds is respired,
contributing to soil CO2 efflux; another fraction is incorporated into microbial biomass and finally 
contributes to a stable fraction of soil organic carbon; and the remainder of root litter (recalcitrant 
root compounds) is mixed with soils and becomes a part of labile and intermediate soil organic 
carbon (Berg and McClaugherty 2014; Dignac et al. 2017; Liang et al. 2017). Root production 
represents, besides rhizodeposition, a major channel transporting photosynthates from 
aboveground into soils and determines the maximum potential root litter input into soils. Annual 
root production makes up more than 30% of global annual net primary production (Jackson et al. 
1997; Yuan and Chen 2010). Root mortality alone determines the actual amount of roots entering 
the detritus food webs. Together with root production, root mortality determines standing root 
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biomass and completes the circle of root turnover – the renewal of standing root biomass
(Lauenroth and Gill 2003). Despite the importance of root mortality, it is seldom directly measured 
in biodiversity studies, especially in grasslands.
In addition, root processes are likely more important than aboveground biomass for successful 
climate change mitigation because carbon derived from roots has a longer residence time in soils.
Freschet et al. (2013) showed that on a global scale, roots decompose approximately 1.5 times 
slower than leaf litter of the same species. Moreover, because of the close physiochemical
interactions between roots and soil particles, root-derived carbon is more efficiently incorporated 
into soils and more stable than leaf-derived carbon (Balesdent and Balabane 1996; Rasse et al. 
2005; Mendez-Millan et al. 2010). Bird et al. (2008) found that the proportion of root carbon 
retained in soils was 28% more than that of needle carbon after 1.5 years of incubation.
Despite the importance of root processes – root decomposition, production, and mortality – in 
terrestrial carbon cycling and for soil carbon sequestration, we have only a limited understanding
of their responses to biodiversity loss. There is no consensus on whether plant diversity affects 
root decomposition. Several decomposition studies to date have reported mixed effects of plant 
diversity on root decomposition (Fornara et al. 2009; Liu et al. 2009; McLaren and Turkington 
2010; de Graaff et al. 2011; Mommer et al. 2015). There are fewer than 10 diversity studies that 
directly measured root production and only one that directly measured root mortality (Mommer et 
al. 2015; Ma and Chen 2016). This limited evidence suggests that root production increases and 
mortality decreases with increasing plant diversity. Yet, we do not know whether increased root 
production and decreased root mortality in high diversity communities are general patterns in the 
field. Furthermore, because root production and mortality occur simultaneously throughout the 
year (Hendrick and Pregitzer 1992), there is continuous root litter input into soils and continuous
onset of root decomposition. The timing and quantity of root litter input may influence root 
decomposition. Yet, we lack information on the effects of plant diversity on the dynamics of root 
production or mortality. This lack of knowledge on root dynamics also casts doubt on the 
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generalization of the well-established positive relationship between plant diversity and standing 
root biomass (Ravenek et al. 2014; Mommer et al. 2015; Ma and Chen 2016).
1.3 Effects of Plant Diversity on Decomposition
1.3.1 The effects of plant diversity on the decomposition of plant litter
Plant diversity likely affects the decomposition of plant litter (Hector et al. 2000; Gartner and 
Cardon 2004; Fornara et al. 2009; Gessner et al. 2010; Handa et al. 2014). Yet, we understand far 
more about aboveground litter decomposition and decomposition in aquatic systems than root 
decomposition (Gessner et al. 2010; Cardinale et al. 2011; Handa et al. 2014). Decomposition of 
leaf litter often increases with plant diversity (Cardinale et al. 2011; Handa et al. 2014) but this 
positive pattern is not necessarily true for root decomposition. The few studies on root 
decomposition have reported mixed relationships between plant diversity and root decomposition,
ranging from positive (de Graaff et al. 2011), neutral (Liu et al. 2009; McLaren and Turkington 
2010; Mommer et al. 2015), to negative (Fornara et al. 2009).
Further, there is a great variation in the effects of plant diversity on leaf litter decomposition. 
Gartner and Cardon (2004) summarized experiments that compared decomposition of mixed leaf 
litter with that of individual component species and found 48% positive, 33% neutral, and 19% 
negative litter-mixing effects. Later, in a meta-analysis, Cardinale et al. (2011) detected a negative 
effect of plant diversity on litter concentration which indicates a positive relationship between 
plant diversity and leaf litter decomposition. However, this positive relationship was only 
significant in streams not in grasslands or in forests (Cardinale et al. 2011). With the limited 
biodiversity studies on root decomposition, we could not tell whether plant diversity affects root
decomposition.
Another issue regarding understanding the effects of plant diversity on plant litter 
decomposition is that the majority of studies have only looked at litter-mixing effects (but see 
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Hector et al. 2000; Knops et al. 2001; Scherer-Lorenzen 2008). Litter-mixing effects measure the 
difference between the actual decomposition of species-mixed litter and the expected 
decomposition based on the decomposition of litters from the individual component species 
(Gartner and Cardon 2004; Handa et al. 2014). However, the effect of plant diversity on plant litter 
decomposition is more than a mixing effect. Rather it involves a complex interplay among multiple 
factors within a community. Biologically mediated decomposition is the process by which 
decomposers break down and transform non-living organic matter to obtain energy and resource 
for growth and persistence (Bradford et al. 2016). Intuitively, decomposition involves two players: 
litter and decomposers. Thus, any factors influencing either of these players or the activity of 
decomposers may affect decomposition.
1.3.2 Potential ways via which plant diversity affects decomposition
Decomposition studies have shown that litter quality, soil fauna, and climate are three major factors 
driving decomposition (Aerts 1997; Silver and Miya 2001; Hättenschwiler et al. 2005; Berg and 
McClaugherty 2014). Correspondingly, plant diversity may affect the decomposition of plant litter
via three potential pathways: (1) via providing litters of different quality, (2) via supporting 
different soil fauna communities, and/or (3) via generating community-specific abiotic conditions.
First, litter quality, measured as the chemical and physical properties of plant litter, may 
change with plant diversity and thus drive the diversity-decomposition relationship. 
Concentrations of lignin, nutrients (nitrogen and phosphorus), and stoichiometry (C:N ratio) are 
among the major litter chemical traits determining decomposition of plant litter. Litters with high 
lignin concentration, high C:N ratio, and low nutrient concentrations are generally decomposed 
more slowly than those with the opposite traits (Silver and Miya 2001; Berg and McClaugherty 
2014). Plant diversity likely affects the nutrient status of plant litter at the community level.
Species-rich communities as a whole have greater resource-use efficiency than species-poor 
communities but for individuals, competition for resources may also become higher. Thus, plants 
in species-rich communities tend to invest more carbon to stems and grow higher than plants in 
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species-poor communities (Abbas et al. 2013), which results in an increase in C:N ratio of 
aboveground litter. Similar processes may occur belowground as well. Evidence for changes in 
root litter quality along a plant diversity gradient is scarce, but points towards an increase in root 
C:N ratio (Allan et al. 2013).
Second, plant diversity affects the composition and structure of decomposer communities and 
subsequently may influence decomposition. Decomposers and other soil fauna rely on the food 
they get in their habitats. Species-rich plant communities produce greater plant biomass (Balvanera 
et al. 2006), indicating overall more litter input, and thus are likely to support more decomposers. 
Indeed, soil microbial biomass and the abundance of decomposers increase with plant species 
richness and functional group richness (Eisenhauer et al. 2010, 2011; Scherber et al. 2010). Studies 
also reported that plant species richness had an indirect positive effect on the diversity of 
decomposers via increased food availability (Waldrop et al. 2006; Ebeling et al. 2014). Counter-
intuitively, the diversity of decomposers was more important than the abundance of decomposers
for the decomposition of standardized leaf litter (Ebeling et al. 2014). Yet, the adaptation of 
decomposers to litters in a given plant community, or in other words, the plant-soil feedbacks, 
probably will reduce the difference in decomposition caused by plant diversity.
Third, the abiotic conditions may also contribute to the effects of plant diversity on plant litter
decomposition. At the global scale, precipitation and temperature have strong effects on plant litter 
decomposition and their relative importance depends on which of them is more limiting (Prescott 
2010). In relatively mild climates, both increasing moisture and temperature stimulate 
decomposition. Studies have shown that topsoil temperature decreases while topsoil moisture 
increases with plant diversity due to the shading effect of higher cover in species-rich plant 
communities (Spehn et al. 2000; Rosenkranz et al. 2012; Allan et al. 2013; Wright et al. 2014; 
Leimer et al. 2014; Fischer et al. 2014). Since diversity-derived changes in soil moisture and 
temperature have contrasting effects on plant litter decomposition, it is difficult to predict the 
effects of plant diversity based on them. In addition, soil nitrogen concentration may change with 
plant diversity. Diversity experiments showed that soil nitrate concentration decreased while 
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ammonia concentration increased with increasing plant species richness (Oelmann et al. 2007, 
2011; Mueller et al. 2013). However, the effects of soil nitrogen concentrations on litter 
decomposition are also not clear. Nitrogen addition experiments have yielded mixed responses of
litter decomposition, which depended on the dose of nitrogen addition and litter lignin 
concentration (Knorr et al. 2005; Berg and McClaugherty 2014).
Although the general principles are similar for root and leaf litter decomposition, the relative 
importance of the three pathways – litter quality, soil fauna, and abiotic conditions – in root and 
leaf litter decomposition may differ due to where decomposition occurs (in the soil for roots vs. 
on the soil surface for leaves). Even within the same species, decomposition of roots does not 
necessarily mirror that of leaves (Hobbie et al. 2010; but see Wang et al. 2010; Birouste et al. 2012; 
Fujii et al. 2016). Thus, deriving root decomposition from leaf decomposition may obscure our 
understanding of the effects of plant diversity on plant litter decomposition. This potential bias 
may be more severe for grasslands where more than 70% of plant biomass allocates belowground
(Jackson et al. 1996; Poorter et al. 2012).
Moreover, different measures of plant diversity, namely species richness, functional group 
richness, and presence/absence of individual functional groups, may also influence the 
interpretation of plant diversity effects on litter decomposition. The three pathways above may be
of different importance for different measures of plant diversity. For example, Hector et al. (2000)
found that plant species richness affected leaf litter decomposition via the microenvironment 
(biotic and abiotic conditions) while functional group composition affected leaf litter 
decomposition via effects on litter quality. Further, Scherer-Lorenzen (2008) found that plant 
functional group richness had an overall positive effect on leaf litter decomposition while plant 
species richness had no effect on leaf litter decomposition.
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1.3.3 Strategies to tackle the complex biodiversity-decomposition relationship
I utilized two strategies to examine whether and how plant diversity affected root decomposition.
First, I asked whether there was a directional diversity effect on root decomposition and whether 
root litter quality and soil environment (including soil fauna and abiotic conditions) were important 
for explaining the potential diversity effect on root decomposition (Chapter 3). In this step, I used
an in-situ decomposition experiment to assess the overall effect of plant diversity on root 
decomposition. Additionally, I used a common-garden decomposition experiment and the 
decomposition of standardized root litter to separate the root litter quality effect and the soil 
environmental effect. Second, based on the results from this combination of experiments, I asked 
which pathways and factors were more important for explaining the diversity effect on root 
decomposition (Chapter 4). Here, I compiled 31 field-measured variables characterizing the three 
pathways – root litter quality, soil fauna, and soil abiotic conditions – and analyzed them 
simultaneously using structural equation modeling.
1.4 Effects of Plant Diversity on Root Turnover
1.4.1 Turnover of root systems
Root turnover is important for plants’ survival and for biogeochemistry. As sessile organisms, 
plants modulate the placement of root systems via root production and mortality to cope with the
heterogeneous soil and environmental changes (Hodge 2004; de Kroon et al. 2005; Satbhai et al. 
2015). These two root processes – production and mortality – occur simultaneously throughout the 
year (Hendrick and Pregitzer 1992). As a result, root systems are continuously renewed. The 
renewal of root systems is called root turnover (Lauenroth and Gill 2003). As a fraction of root 
systems is quickly replaced – lifespan of some roots can be as short as weeks (Xia et al. 2010; Sun 
et al. 2016; Liu et al. 2016) – root turnover accounts for a significant carbon sink, making up 
approximately one third of global annual primary production (Gill and Jackson 2000; Poorter et 
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al. 2012). As a consequence, a small change in rates of root turnover may have a huge impact on
ecosystem carbon cycling.
Despite the importance of root turnover, it is not clear whether plant diversity affects the rate 
of root turnover. The root turnover rate describes how fast standing root biomass is renewed
(Lauenroth and Gill 2003). A popular way to calculate root turnover rate is to use the ratio of the 
quantity of material added to or removed from a system to a particular standing stock (Lauenroth 
and Gill 2003). Thus, root turnover rate depends on standing root biomass and root production 
and/or mortality (Lauenroth and Gill 2003; Lukac 2012). It is noted that this calculation assumes 
that the root system is in a dynamic equilibrium status, i.e., root production equals root mortality.
However, only a few diversity studies have measured root production together with standing root 
biomass (or length) and root mortality seldom is measured (Ma and Chen 2016). Further, with the 
emergence of direct root observational approaches such as (mini-) rhizotrons, it becomes feasible 
to use root lifespan (synonym: “longevity”) to indicate turnover time, the reciprocal ofturnover 
rate (Johnson et al. 2001).
The continuous root production and mortality together determine standing root biomass in a 
community – the most often measured community status belowground. Evidence is accumulating 
that plant diversity enhances standing root biomass (Ravenek et al. 2014; Ma and Chen 2016), 
which means that the cumulative difference between root production and mortality increases with 
plant diversity. Yet, we have only limited knowledge about the relative contribution of these two 
processes – root production and mortality – to the positive relationship between plant diversity and 
standing root biomass (Mommer et al. 2015).
1.4.2 Potential diversity effects on root production and mortality
Plant diversity may stimulate root production via multiple mechanisms. A recent meta-analysis 
reported that mixtures had on average 44.8% higher annual root biomass production than 
monocultures (Ma and Chen 2016). However, only a few diversity studies have directly measured 
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root production and most of these studies were conducted in forests (Mommer et al. 2015; Ma and 
Chen 2016). Nevertheless, belowground competition and relaxed stress from species-specific 
pathogens and pests may promote root production in species-rich communities. As belowground 
resource competition is assumed to be proportional to root size (Cahill Jr. and Casper 2000),
growing more roots to occupy larger soil space is competitively advantageous. Some species grow 
more roots in the presence of other species and this stimulated root growth occurs before soil 
nutrients are depleted, which suggests that species interactions rather than nutrient availability 
stimulate root growth (Padilla et al. 2013). In addition, stress from species-specific pathogens and 
pests is likely lower in more diverse plant communities (biotic facilitation), resulting in enhanced 
root production in species-rich communities. Studies found that the positive effect of plant 
diversity on standing root biomass was gone once the soil was sterilized (Hendriks et al. 2013), 
which suggests species-poor communities are under-rooted (de Kroon et al. 2012; Hendriks et al. 
2015).
Root mortality may also change with plant diversity. However, the direct measurement of root 
mortality is even scarcer than that of root production. Before making any prediction about the 
diversity-root mortality relationship, it is important to distinguish between relative and absolute 
root mortality. The relative root mortality is the proportion of roots that die within a defined period
(= mortality-based root turnover rate), which is negatively associated with root lifespan. The 
absolute root mortality is the total amount of dead roots and it equals the product of the relative 
root mortality and the standing root stock. Plant diversity may prolong root lifespan and thus 
reduce relative root mortality. As both constructing new roots and maintaining existing roots cost 
energy, plants face a trade-off between these two processes which is partially affected by soil 
temperature and soil nutrient availability (Eissenstat and Yanai 1997; Gregory 2006). With 
increasing temperature, root respiration increases exponentially. Plant diversity may indirectly 
reduce root respiration via decreasing topsoil temperature through increased shading (Zogg et al. 
1996; Rachmilevitch et al. 2006), which may subsequently extend root lifespan and reduce relative 
root mortality (McCormack and Guo 2014). Soil nutrient availability, in theory, determines the 
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benefit of maintaining roots. However, nutrient addition experiments have reported mixed results 
regarding root lifespan (McCormack and Guo 2014). Additionally, the relaxed suppression and 
reduced damage of species-specific pathogens and herbivores in species-rich mixtures (Hendriks 
et al. 2013, 2015) may also lead to longer root lifespan and reduced relative root mortality. 
Although the relative root mortality may decrease with increasing plant diversity, because standing 
root biomass increases with plant diversity (Ravenek et al. 2014; Ma and Chen 2016), it is difficult 
to predict how absolute root mortality would change with plant diversity. So far, the only grassland 
study I am aware of showed that mixtures had on average lower root length loss than monocultures 
(Mommer et al. 2015). 
In addition to annual root production and mortality, plant diversity may also influence the 
seasonal dynamics of these two processes, thus it may alter the effects of plant diversity on 
standing root biomass throughout the year. Although root production and mortality continuously 
occur around the year (Hendrick and Pregitzer 1992), these processes are highly variable 
seasonally due to competition between plant carbon sinks (Comas et al. 2005; Hendricks et al. 
2006). As a result, the effects of plant diversity on standing root biomass likely change over time. 
Brassard et al. (2013) found that high diversity communities had higher fine root biomass than low 
diversity communities. However, this positive effect of plant diversity was only significant in the 
summer, not in spring or fall (Brassard et al. 2013). Moreover, Wolf et al. (2017) demonstrated
that plant diversity shifted aboveground flowering phenology via affecting soil properties such as 
surface temperature, available nitrogen concentration, and moisture. Comparable effects of plant 
diversity may also exist for root dynamics yet remain untested.
In Chapter 5, I used minirhizotrons to monitor root dynamics every other week for one 
growing season (eight months) in a long-term grassland diversity experiment to examine: (1) the 
relative importance of root production and mortality for the positive relationship between plant
diversity and standing root biomass, (2) the effects of plant diversity on root turnover rate 
(including root lifespan), and (3) the temporal dynamics of root production and mortality.
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1.5 Scope and Contents of this Dissertation
The aim of this dissertation was to improve our understanding of the relationship between plant 
diversity and root processes in temperate grasslands and to reduce the knowledge gap in 
understanding the biodiversity-soil carbon stock relationship. I focused on changes in root life 
cycles – root production, mortality, and decomposition – with plant diversity (Figure 1-1). Among 
these three processes, root decomposition is most directly related to the soil carbon stock. During 
decomposition, a part of the root carbon is respired and released back to the atmosphere and the 
partially decomposed residues stay in the soil becoming a part of soil organic carbon. The other 
two processes - root production and mortality – together determine root turnover in ecosystems. 
Root production determines the maximum potential root litter input, while root mortality 
determines the actual root litter input into detritus food web. The seasonal dynamics of root 
production and mortality tell us the dynamics of carbon allocated belowground and the dynamics 
of root litter input. The cumulative difference between root production and mortality results in 
standing root stock. So far, it is relatively clear that plant diversity enhances cumulative root 
production but root mortality is rarely studied in the BEF research.
This dissertation comprises six chapters:
Chapter 1 (this chapter) introduces the context of this dissertation.
Chapter 2 highlights the methods I used in this dissertation. I start from a strong base at the 
Jena Experiment as a platform to study BEF relationships. Then I will introduce the design of three 
decomposition experiments that I used to assess the effects of plant diversity on root decomposition 
and to distinguish different underlying pathways. After performing these experiments, I used the 
unique opportunity to analyze pathways underlying the relationships between plant diversity and 
root decomposition in a holistic way by using structural equation modeling. Last, I will describe 
the minirhizotron approach for monitoring root dynamics in situ.
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Chapter 3, 4, and 5 each contains original data regarding root decomposition (Chapter 3 and 
4) and root turnover (Chapter 5) in the context of biodiversity. Chapter 3 reports the results of 
three decomposition experiments and provides first answers about the mechanisms driving the 
diversity-decomposition relationships. Chapter 4 unravels these mechanisms further. Thanks to 
the Jena Experiment platform, I was able to assemble many factors which may be important for 
explaining the observed plant diversity-root decomposition relationship. By applying structural 
equation modeling to this unique dataset, I identified key factors driving these relationships as well 
as their relative importance. Chapter 5 focuses on the response of root turnover to plant diversity. 
With minirhizotrons, I recorded root length production and mortality (loss) every other week and 
analyzed the data at two temporal resolutions. Across the observational period, I examined the 
effects of plant species richness on root turnover based on root length and root longevity as well 
as on the rates of root length production and mortality. On a biweekly basis, I documented the 
dynamics of root length production and mortality and evaluated the diversity effects on them.
In Chapter 6, I will discuss the results of chapters 3 – 5 and how these results contribute to a 
deeper understanding of the effect of plant diversity on soil carbon stocks. Further, I will discuss 
the current knowledge gaps and outline the outlook for future research.
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Figure 1-1 Conceptual figure depicting the concept and contents of this dissertation. The main part of 
this dissertation is about how plant diversity affects root processes: decomposition (Chapter 3 and 4), 
production, and mortality (Chapter 5). Understanding these root processes will benefit our 
understanding of the positive relationship between plant diversity and soil carbon stock
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2 General Methods
A detailed description of the methods used in this dissertation is given in the corresponding 
chapters. Here, I present a brief overview of the methods and provide additional information that 
is not covered by individual chapters. All the data produced in this dissertation are archived at the 
Jena Database.
2.1 The Jena Experiment
I used the Jena Experiment for all of the studies presented in this dissertation. The Jena Experiment 
is one of the longest-running grassland biodiversity experiments in Europe (http://www.the-jena-
experiment.de/) and is located in the floodplain of the river Saale at the northern edge of Jena city 
(Thuringia, Germany; 50°57′5″N,  11°37′29″E,  130 m a.s.l.). Briefly, Jena has a mean annual 
temperature of 9.9°C and a mean annual precipitation of 610 mm (Jena/Sternwarte weather station, 
155 m a.s.l., 1980-2010; Hoffmann et al. 2014). The soil at the Jena Experiment is Eutric Fluvisol 
soil which was developed from up to 2-m thick loamy fluvial sediments. With increasing distance 
from the river, the sand content in the soil decreases and the soil texture shifts from loam (40% 
sand, 44% silt, 16% clay) to silt loam (7% sand, 69% silt, 23% clay). The field site was an arable 
field from the early 1960s and was fertilized and plowed until the establishment of the Jena 
Experiment in 2002. Details about climatic and soil conditions at the beginning of the Jena 
Experiment, the history of the field site, species lists, and the experimental design can be found in 
Roscher et al. (2004). The updated soil conditions are summarized in Chapter 3 (Table S1).
The Jena Experiment has three major strengths: the large species pool, the orthogonality of 
functional groups and species richness in its design, and the large plot sizes. First, the species pool 
of the Jena Experiment contains 60 herbaceous species which are common in central European 
mesophilic grasslands. The large species pool allows for replication at the plant diversity level 
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with various species combinations. Second, based on 17 traits extracted from literature, 60 species 
were classified into four functional groups containing 16 grasses, 12 small herbs, 20 tall herbs, and 
12 legumes. The main experiment at the Jena Experiment (hereafter: the Jena Experiment) had 82 
experimental communities spanning a species richness gradient of 1, 2, 4, 8, and 16 (60) and a 
functional group richness gradient of 1, 2, 3, and 4. The combination of species richness and 
functional group richness was as orthogonal as possible, allowing for statistically disentangling
the effects of species richness and functional group richness. In addition, within each species 
richness and functional group richness combination, the presence of each individual functional 
group is balanced with all of the others. This combination enables the detection of effects of 
presence/absence of individual functional groups. The particular species combination was decided 
by randomly drawing species from each functional group (with replacement). Thus, the unit of 
replication was not a particular species mixture but a particular combination of species richness 
and functional group richness. The target species mixtures are maintained by weeding twice to 
three times per year. Due to poor establishment, two monocultures were abandoned (one in 2004 
and one in 2007). Thus, currently the main experiment has 80 plots. Third, the size of the 
experimental communities was 20 × 20 m with a core area of 10 × 15 m with limited destructive 
sampling. The large plot size allowed for long-term observation and a nested design of different 
treatments. In 2010, the size of the core area was reduced to 6 × 5.5 m to reduce the management 
cost and to free space for other experiments. In 2012, plot size was extended by re-weeding some 
former invasion subplots. The plots were mowed twice a year to reflect the common practice for 
German grasslands. (Roscher et al. 2004; Weisser et al. 2017)
2.2 Root Decomposition Experiments
For Chapter 3, I carried out three decomposition experiments with a litter-bag approach to assess 
the effects of plant diversity on root decomposition and to disentangle two potential pathways 
underlying these diversity effects. I used in situ decomposition of plot-specific roots (community 
roots collected in individual experimental plots, referred to as the “combined quality-environment
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experiment”) to measure the effects of plant diversity on root decomposition. In this particular
setting, both root litter quality and soil microenvironment may change with plant diversity. 
Meanwhile, there might be an interaction between root litter quality and soil microenvironment
because plant species can influence the soil biotic community via plant litter input and root 
exudates (Wardle 2006; Eisenhauer et al. 2017). Additionally, I buried plot-specific roots in a 
common grassland (“substrate quality experiment”) and buried standardized roots in all 
experimental communities (“soil environment experiment”) to assess the root litter quality 
pathway and the soil environment pathway, respectively. The common grassland was an 
abandoned area of a 60-species mixture which was assumed to have decomposers able to 
decompose various root litters. In the latter two decomposition experiments, either root litter 
quality or soil environment may change with plant diversity. Thus, these two experiments provide 
an indirect answer to how plant diversity affects root decomposition. To my knowledge, this is the 
first diversity – root decomposition study with all three decomposition experiment components
while two other studies applied similar experimental design to leaf litter decomposition (Knops et 
al. 2001; Scherer-Lorenzen 2008). Additionally, root C:N ratio and soil water content were 
measured as a direct measure of the root litter quality and soil environment pathways.
Mesh size, the amount of litter enclosed inside the litter bags, and the duration of the 
decomposition experiment are key elements in the litter bag approach. The mesh size determines 
which soil fauna groups have access to the litters. A wide range of mesh sizes have been used in 
studying decomposition of fine roots (< 2 mm), from 50 µm to 2 mm (Fornara et al. 2009; Birouste 
et al. 2012; Smith et al. 2014). In this dissertation, I tried to minimize root loss due to handling and 
maximize the root litter access for soil fauna. I performed a small pilot study using mesh bags with 
250, 312, and 325 µm mesh sizes to examine handling root loss. I found that litter bags with 250 
µm mesh size had the lowest handling root loss (about 0.4%) and the other two types did not differ 
in handling root loss (about 1.6%). Because the handling root loss was low for all mesh types, I 
chose the 325 µm mesh-size litter bag which allowed better mesofaunal access to root litters
(Chapin III et al. 2011). Later, the presence of soil animals in the litter bags was visually confirmed. 
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In an attempt to estimate the effect of the limited access of soil fauna to root litter in litter bags 
of small mesh size, I supervised a master thesis testing the effect of increasing soil fauna diversity 
on the decomposition of standardized root litter (Lolium perenne) and that of a 16-species grass 
root mixture (Helling 2015). In this experiment, a decomposer diversity gradient of 1, 2, 3, 4 and 
6 species was established by using collembolans only, earthworms only, and collembolans and 
earthworms together, respectively. The main outcome of this study was that the diversity of the 
decomposer community had no effect on root decomposition and there was no difference between 
overall decomposition from collembolans or earthworms (Table 2-1, copied from Helling 2015). I 
am aware that these results from a microcosm experiment are not directly transferable to field soil. 
Yet, this result gives some indication that using a small mesh size which excluded earthworms in 
the field litter-bag experiment in the Jena Experiment provided a reliable estimation of root 
decomposition. 
Table 2-1 ANOVA table for the effects of litter quality, realized decomposer diversity, and 
decomposer functional group on root litter mass loss. Litter quality (LQ) included: grass mix and 
Lolium perenne L. litter; realized decomposer diversity (DIV) included 1, 2, 3, 4, 5, 6 decomposer 
species; decomposer functional group (DECOMP) included: collembolans and earthworms together 
(both), collembolans only (CB), and earthworms only (EW). Single factors and interactions between 
variables were included. df = degrees of freedom; significant and marginally significant effects are 
given in bold; .= P< 0.09, *= P< 0.05, ** = P< 0.01, *** = P< 0.001; R²= 0.4999; n=108
Dependent Variable Source of Variation df F-value P-value 
Mass Loss LQ 1 6.92 0.010 ** 
DIV 1 1.02 0.316 
DECOMP 2 0.32 0.724 
LQ × DIV 1 1.51 0.222 
LQ × DECOMP 2 2.99 0.055 . 
DIV × DECOMP 2 0.29 0.753 
LQ × DIV × DECOMP 2 2.71 0.072 . 
Copied from Helling 2015
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A second critical experimental parameter with the litter bag approach is the amount of root 
material enclosed in the litter bags. This amount differs among studies as well, depending on the 
size of litter bags and the intended duration of experiments (Giese et al. 2009; McLaren and 
Turkington 2010; Solly et al. 2014). I referred to two root decomposition studies conducted in 
Germany (McLaren and Turkington 2010; Solly et al. 2014); both of them enclosed 0.005 g roots 
cm-2 litter bag. In my study, each litter bag was 8 × 8 cm and contained 0.004 g roots cm-2 litter 
bag (0.25 g oven-dried roots). The duration of the decomposition experiments in this dissertation 
was determined by burying extra litter bags with root material in the field and checking root mass 
loss every other week. I planned to retrieve litter bags when the mass loss reached 10%, 20%, and 
40%. Thus, I had three litter-bag retrievals at 1, 2, and 4 months from the onset of decomposition 
experiments. 
The limitations of the litter bag approach have long been recognized (Sala et al. 2000), such 
as excluding macroinvertebrates and interrupting the contact between roots and surrounding soils. 
However, the litter bag approach is a standardized method and feasible for including standardized 
root litter as well as handling large sample sizes. In total, I had about 2600 litter bags, which 
included standardized roots paired with plot-specific roots in the common grassland as in the 
experimental plots though these litter bags were not included in the data analyses [80 plant 
communities × 3 retrievals × 2 litter types × 2 locations (in situ vs. in a common grassland) × (1-
3) replicates].
Details about root collection in the field, root washing, deploying the litter bags, and root 
processing after litter-bag retrieval are described in Chapter 3. It should be noted that there was a 
once-in-200-year summer flood in 2013, the year we collected community roots. This flood event
may have affected species composition in roots and root litter quality. Wright et al. (2015) found 
that in plots that were severely influenced by the flood, soil nitrate concentration was much higher 
than that in previous years, probably due to higher litter input. The increased soil nitrate 
concentration may have influenced root nitrogen concentration and root litter quality. In addition, 
although most communities did not lose species and aboveground biomass had recovered in 
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September, the highest diversity communities lost on average 3 – 4 species when they were 
severely influenced by the flood (Wright et al. 2015). In addition, individual functional groups
differed in susceptibility to this flood event. Based on aboveground recovery, grasses were 
unaffected by the flood event while legumes were severely negatively affected (Wright et al. 
2017a). Such changes in species composition may be reflected in root samples.
In all decomposition experiments, I used mass loss instead of the decomposition rate (k value) 
for statistical analysis. It was possible to calculate a decomposition rate based on three time points. 
However, with only three time points and the short decomposition duration (four months), the 
estimation of decomposition rate is not accurate. It is recommended to cover mid to late stages of 
decomposition and to have five or more time points for an accurate estimation of the k value 
(Laliberté et al. 2012). Moreover, due to the low root biomass in some communities, I could not 
have three replicates for all the plot-specific roots, especially in the first and second litter-bag 
retrieval. The lack of replicates will further reduce the reliability of k values for some plots. 
Nevertheless, k values based on the single-pool negative exponential model (Olson 1963) were 
highly correlated with the final mass loss (r = 0.88).
2.3 Applying Structural Equation Modeling to Understand the Diversity-
Decomposition Relationships
In Chapter 3, I show that plant diversity influences root decomposition via affecting both root litter 
quality and soil microenvironment. However, using different decomposition experiments is an 
indirect way to assess the root litter quality and soil environment pathways. Further, the root 
substrate quality and the soil environment experiments likely lack the interactive effect of root 
litter quality and soil micro-environment on root decomposition. Moreover, we could not measure 
the relative importance of these two pathways for the observed diversity effects on root 
decomposition. To further explore the mechanisms underlying the relationships between plant 
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diversity and root decomposition, I applied structural equation modeling (SEM) to the combined 
quality-environment experiment.
Applying SEM in ecology is becoming more popular in recent years (Grace 2006; Eisenhauer 
et al. 2015). SEM is a multivariate statistical technique which uses two or more causal equations 
to model relationships in a system simultaneously (Grace 2006). SEM is a hypothesis-driven 
approach. The network of causal equations is hypothesized based on current knowledge. In 
Chapter 4, I hypothesized that plant diversity drives root decomposition via influencing root litter 
quality, soil biota, and soil abiotic conditions. This framework was based on the results of 
decomposition studies that compared decomposition of different litters and measured litter quality 
and decomposition studies that manipulated soil biota and/or abiotic conditions (section 1.3). 
However, this hypothesis does not include detailed interactions among the pathways. This general 
hypothesis has been proposed and tested partly (Hector et al. 2000; Knops et al. 2001; Scherer-
Lorenzen 2008) but the interactions between specific mediators have not been examined so far. 
Using SEM to test the three potential pathways with many field-measured variables was a unique 
opportunity presented by the wealth of data gathered in the Jena Experiment.
In total, I measured and assembled 31 variables characterizing root litter quality, soil biota, 
and soil abiotic conditions at the community level. Due to the collinearity among variables, I 
grouped them based on a correlation matrix (with a cut-off at r = 0.6) and included one 
representative from each group in the SEM. However, this variable reduction procedure was 
criticized by one of the reviewers because the cut-off was arbitrary and so was choosing the 
representative variable. As an alternative, the reviewer proposed principal component analysis
(PCA) to be more suitable for variable grouping and that it might be better to use individual PCA 
components directly instead of individual variables in SEM. I thoroughly tested this alternative 
approach. However, PCA was not superior to a simple correlation matrix for grouping the variables 
(Dormann et al. 2013). Groups based on PCA were similar to those based on the correlation matrix. 
Moreover, the structural equation models using PCA components were largely similar to the 
structural equation model using individual variables but explained less variation in root mass loss 
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and were less stable (Chapter 4 Fig. 2 and S3, Table S6). Table S6 (Chapter 4) compares model 
statistics for the most parsimonious final model (individual variable-SEM, Chapter 4 Fig. 2), the 
best model using PCA [PCA-SEM (SR), SR is abbreviation for species richness], and the second-
best models using PCA and soil temperature [PCA-SEM (temperature + SR) and PCA-SEM 
(temperature)]. The loadings of root chemical traits on the individual PCA axes indicate that the 
first PCA axis is primarily depicting differences in positive cations important for plant-soil nutrient 
exchange (Al, Ba, Fe, Mn, and to a lesser extent: Ca, Mg) against total C. This axis is of minor 
importance in the PCA-SEM model - as is Mg, the one important representative of that group 
picked in the final individual variable-SEM. The second PCA axis depicts opposing effects of 
lignin vs. N, Na, P, S, Sr, and Mg. This axis is the most important one in the PCA-SEM model 
along with lignin which is the single most important individual driver of this group. The third PCA 
axis depicts the effect of K which is represented by K in the individual variable-SEM. Overall, the 
structural equation model using PCA components supported the structural equation model with 
individual variables, but the latter approach produced the most parsimonious model with the 
highest model explanatory power.
I would like to add one more cautious remark at this point. In the a-priori structural equation 
model, I first included all the variables, then added covariance based on the modification indices 
and finally simplified the model by removing insignificant paths. This procedure is correct but 
requires caution (Grace 2006). First, modification indices imply a lack of fit in the model purely 
based on the data. They might indicate missing relationships which do not always make ecological 
sense. Thus, one needs to judge whether a relationship is reasonable based on expert knowledge. 
Second, removing a path or a variable from the structural equation model also requires a valid 
reason. For example, soil basal respiration was dropped out of the structural equation model early
and I think the lack of importance of soil microbes on root decomposition was due to it being a 
bulk microbial community measure which is only loosely related to decomposition. 
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2.4 In-situ Monitoring of Root Turnover Using Minirhizotrons
In Chapter 5, I used minirhizotrons to monitor root turnover in the field. Multiple methods are 
available to measure root production, mortality, and/or root turnover, such as ingrowth cores, 
sequential soil coring, minirhizotrons, nitrogen balance, and 14C labeling (Smit et al. 2000; 
Lauenroth and Gill 2003; Lukac 2012). Each method has its own advantages and disadvantages. 
The major strength of the minirhizotron approach is that it enables repeated root measurement at 
the same position and a separation between root production and mortality (or loss) at the same 
time. By tracing individual roots, it is possible to tell the relative contribution of root production 
and mortality to changes in standing root length. The disadvantages of the minirhizotron approach 
are also well known, such as the disturbance during minirhizotron installation, artificial 
environment and water condensation at the interface between the soil and minirhizotron tube, and 
light penetration along the tube etc. (Majdi 1996; Smit et al. 2000; Johnson et al. 2001). Precautions 
were taken to minimize the disadvantages of minirhizotrons. To ensure a good tube-soil contact 
and to reduce scratching at the tube surface, we drilled a hole with the same diameter as the tube 
and then placed the tube in the hole. The part of the tube above soil surface was carefully wrapped 
with black tape and covered with a black rubber lid to prevent light penetration. However, black 
tape absorbs heat and warms the soil and tube. After installing the minirhizotrons, we waited for 
10 months before the first scanning to allow root systems and soils to recover from the disturbance 
(Johnson et al. 2001).
The intervals between two consecutive root scanning influences the accuracy of root turnover 
estimation. Various scanning intervals have been used in the minirhizotron approach, ranging from 
weekly and monthly to longer intervals like 6 – 16 weeks (Tingey et al. 2003). Yet, longer scanning 
interval will underestimate root production and mortality because root lifespan can be as short as 
days and more roots will grow and die within the scanning interval without being recorded (Black 
et al. 1998). Johnson et al. (2001) suggest that an interval of two weeks or less will be suitable for 
an accurate estimation of root dynamic properties. We scanned roots using the CI-600 In-Situ Root 
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Imager (CID Bio-Science, Inc. Washington, USA) every other week in the field from late February 
to late October. However, due to the incompatibility between root scanning software (CI-600 
software version 4) and Windows 7 Professional (64 bit), the images from two scanning campaigns 
were saved at low resolution and as a result, excluded from the analyses. In addition, temperature 
seems to affect the functioning of the root scanner, probably via thermal expansion and contraction 
of the tubes. 
We annotated roots on the scanned image using WinRHIZO Tron (2014c, Regent Instruments 
Inc., Ville de Québec, Canada). Image annotation is time-consuming, especially when the contrast 
between roots and soil is low or when there is water condensation at the interface between 
minirhizotron tubes and soil. To reduce the workload, we annotated an area of 21.6 × 3 cm on the 
upper side of minirhizotron tubes and annotated root length changes only. Root annotation is 
subjective to a certain extent. I had two technicians annotating these root scans, which may 
introduce some observer error especially in distinguishing between alive and dead roots. To reduce 
this type of error, I used root length loss as a conservative measure of root mortality. In addition, 
there are no reliable root morphological criteria to distinguish between alive and dead roots for 
mixed roots (Smit et al. 2000).
26 
3 Plant Species Richness Negatively Affects Root 
Decomposition in Grasslands
Hongmei Chen, Liesje Mommer, Jasper van Ruijven, Hans de Kroon, 
Christine Fischer, Arthur Gessler, Anke Hildebrandt, Michael Scherer-
Lorenzen, Christian Wirth, and Alexandra Weigelt












Plant species richness negatively affects root decomposition in grasslands
Supplementary
Tables
Table S1 Descriptive information of soil conditions in 80 experimental plots in the Jena Experiment. 
SD = standard deviation
Parameter Unit Year Mean SD Origin
Bulk density g cm−3 2012 1.23 0.07 Fischer et al. 2014
Porosity % 2012 49.8 2.2 Fischer et al. 2014
Soil organic C (0-5 cm) g kg-1 2011 24.2 3.4 Hacker et al. 2015
Total N (0-5 cm) * g m-2 2007 143 15 Habekost 2008
NaHCO3-Pi (0-5 cm) mg kg-1 2007 20.48 17.81 Hacker et al. 2015
NaHCO3-Porg (0-5 cm) mg kg-1 2007 13.53 7.22 Hacker et al. 2015
NaOH-Pi (0-5 cm) mg kg-1 2007 38.49 15.69 Hacker et al. 2015
NaOH-Porg (0-5 cm) mg kg-1 2007 16.51 14.74 Hacker et al. 2015
Microbial biomass (0-5 cm) µg g-1 2013 1020.2 224.6 Hacker et al. 2015
Root biomass (0-5 cm) g cm-3 2011 4.33 3.56 Hacker et al. 2015
* Only measured in Block 2, n = 20
Table S2 Overall mean mass loss (%) in the substrate quality experiment (community roots 
decomposing in the common plot), the soil environment experiment (standardized roots decomposing 
in all experimental plots) and the combined quality-environment experiment (community roots 
decomposing in situ) for each retrieval 
Substrate quality Soil environment Quality-environment
Time (day) Mean SE (n) Mean SE (n) Mean SE (n)
30 44.5 1.7 (59) 39.0 0.7 (76) 35.7 1.6 (72)
60 46.0 2.0 (59) 50.6 0.9 (76) 45.6 1.7 (74)
120 55.6 1.7 (68) 69.2 1.0 (76) 62.0 1.6 (76)
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Figures
Figure S1 Mean mass loss along the functional group richness (FGR) gradient in (a) the substrate 
quality experiment, (b) the soil environment experiment and (c) the combined quality-environment 
experiment over time. Slopes in all three experiments were not significantly different from 0
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Figure S2 C:N ratios of community roots against presence/absence of each functional group: (a) 
grasses (Gr), (b) legumes (Leg), (c) small herbs (SH) and (d) tall herbs (TH) . Significance notes: ***, 
P < 0.001; **, P < 0.01; *, P < 0.05
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Figure S3 Mass loss of standardized roots at the third retrieval in the soil environment experiment 
against soil water content (SWC) in different blocks (B1-B4)
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Figure S4 Soil water content (SWC) residuals after removing the block effect at the third retrieval 
against presence/absence of each functional group: (a) grasses (Gr), (b) legumes (Leg), (c) small herbs 
(SH) and (d) tall herbs (TH). Significance notes: ***, P < 0.001; **, P < 0.01; *, P < 0.05, ·, P<0.1
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Figure S5 Residuals of mass loss of community roots in the combined quality-environment experiment 
at the third retrieval (a) against root C:N ratios and (b) against residuals of soil water content (SWC) 
after removing block effect
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Due to the collinearity among root chemical traits, in addition to grouping root 
chemical traits based on the correlation matrix, we performed a principal component 
analysis (PCA) on the transformed root chemical traits using R package ‘vegan’
(Oksanen et al. 2016). We then used the principal components (PCs) in two ways: (1)
to use scores of each plot in SEM instead of individual root chemical traits; and (2) to 
construct groups based on the PCA biplot (Fig. S2, Table S5) and assess the generality 
of the groups that we constructed based on the correlation matrix. All transformed 
data were normalized before the PCA. We used the first three PCs for root chemical 
traits in the a-priori structural equation model. The a-priori structural equation model 









Table S5 Scores of root chemical traits on the first three PCs. The first three PCs captured 77% 
of information in the data. In general, these groups are similar to those from the correlation 
matrix and are represented by single variables in the SEM included in the main text. PC1 
generally represents our metal cation group which we represented in the main text with Mg. PC2 
generally represents the group that we represented with lignin in the main text. PC3 is 
represented by K in the main text 
Variable PC1 PC2 PC3
Lignin 0.67 1.00 0.14
Al 1.38 -0.15 0.24
Ba 1.00 -0.61 -0.60
C -1.26 -0.05 0.07
Ca 0.83 -0.79 0.05
Fe 1.41 -0.16 0.09
K -0.09 -0.48 -1.32
Mg 0.82 -0.99 0.11
Mn 1.18 -0.20 0.07
N -0.30 -1.12 0.57
Na -0.63 -1.05 0.44
P -0.76 -1.06 -0.30
S -0.64 -1.23 0.18
Sr 0.04 -1.28 -0.21
Zn 0.63 -0.88 0.22
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Table S6 Structural equation model comparison. Abbreviations: CFI = comparative fit index; 
RMSEA = root mean square error of approximation; BIC = Bayesian information criterion; SR = 
species richness. We wanted to make sure that the structural equation model that we presented in 
the main text was both stable and generalizable. In the structural equation model using the PCs
(for root chemical traits only) rather than the individual variables chosen based on the correlation 
matrix – the results were largely similar with the exception of soil temperature. To assess the 
degree to which soil temperature may have been excluded due to our variable selection process
and the stability of soil temperature effect, we ran the SEM using PCs through several iterations. 
When soil temperature was included in the model – a direct path from species richness to mass 
loss was no longer necessary (fit improved when the direct path was removed; third vs. second 
column below, Fig S3 b vs. a). However, allowing for a direct path from species richness to mass 
loss and removing soil temperature significantly improved the fit of our model (in terms of % 
explained variation and AIC; forth vs. second and third columns below, Fig S3 c vs. a and b). We 
then compared this model [using the PCs, PCA-SEM (SR)] to the model using individual 
variables (first column below, Fig. 2). The model using individual variables represented very 
similar PCs of root chemical traits but explained significantly more variance and had a lower 
AIC. Thus, we included the model using individual variables rather than the one with the PCs in 









% of explained variation 
in mass loss
70.3 56.3 58.2 59.0
χ2 df 13 14 15 10
statistics 14.93 10.94 13.63 5.06
P 0.312 0.691 0.554 0.887
CFI 0.990 1.000 1.000 1.000
AIC 993.3 1202.9 1203.6 1174.2
BIC 1045.6 1273.5 1271.9 1233.4
RMSEA 0.045 0.000 0.000 0.000
Lower 90% CI 0.000 0.000 0.000 0.000
Upper 90% CI 0.130 0.090 0.102 0.060
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Figures
Fig. S1 A flowchart for statistical analyses used to select variables to be included in structural 
equation modeling. Mediators are the variables measured for each pathway
Fig. S2 PCA covariance biplot for root chemical traits: (a) the first two PCs, (b) the second and 
the third PCs. Colors indicate the functional group combination of the plant communities. ‘Gra’ 
stands for grasses, ‘Leg’ for legumes. The percentage of explained variation was given
Fig. S3 Structural equation models using PCA components for root chemical traits: (a) most 
parsimonious model including direct path from species richness to mass loss plus soil 
temperature [PCA-SEM (SR + temperature)], (b) most parsimonious model plus soil temperature 
but without direct path from species richness to mass loss [PCA-SEM (temperature)], and (c)
most parsimonious model including direct path from species richness to mass loss [PCA-SEM 
(SR)]
Fig. S4 Structural equation models with only one mediator (which was included in the final 
structural equation model): (a) root lignin concentration, (b) root K concentration, (c) root Mg
concentration, and (d) Oribatida abundance in the soil. From these figures – we concluded that 
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Abstract
Plant diversity enhances various ecosystem properties including standing root biomass. 
Theoretically, the enhanced standing root biomass results from increased cumulative differences 
between root production and mortality with increasing plant diversity. So far, limited evidence 
suggests that root production increases and root mortality decreases with increasing plant diversity. 
Yet, we know little about the individual contributions of root production and mortality to the 
enhanced standing root biomass. Additionally, the seasonal dynamics of root production and 
mortality may alter the effects of plant diversity on standing root biomass within a year. Here, we 
used minirhizotrons to monitor root length dynamics in situ biweekly from late February to late 
October in 2015 in a long-term grassland biodiversity experiment (the Jena Experiment) and 
quantified rates of root length production, mortality, and root turnover. We confirmed that plant 
species richness had a positive effect on standing root length throughout the observational period. 
For each observational interval, the instantaneous rates of root length production and mortality 
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fluctuated and showed different seasonal patterns. However, contrary to other studies, we observed 
that plant species richness did not significantly affect root length-based measurements including 
root length production, mortality, and turnover rates. Only median root lifespan increased
significantly with increasing plant species richness. We propose that community age may account 
for the lack of significant effects of plant diversity on root length measurements. While the only 
other grassland minirhizotron study monitored the initial phase of a biodiversity experiment and 
found increased root production and decreased root mortality in species-rich communities 
compared with that in monocultures, the plant communities we monitored were 13 years old. 
Moreover, in the other study, the sizes of diversity effects on annual root length production and 
mortality appeared to decrease over time. Therefore, in mature grasslands, plant species richness 
may only have a minor effect on root turnover (indicated by median root lifespan) and that one 
growing season may be too short to detect such a small diversity effect.
Key-words
Dynamics, production, mortality, lifespan, minirhizotrons
Introduction
After two decades of research on biodiversity-ecosystem functioning (BEF) relationships, it is 
well-established that plant diversity enhances a variety of ecosystem properties, such as biomass 
production, leaf litter decomposition, soil carbon stock, and ecosystem stability (Balvanera et al. 
2006; Cardinale et al. 2011; Tilman et al. 2014; Lange et al. 2015). Despite the fact that roots make 
up a substantial proportion of plant biomass and root production accounts for 30 – 40% of global 
net primary production (Jackson et al. 1996; Gill and Jackson 2000; Poorter et al. 2012), root 
dynamics except standing root biomass are understudied in the BEF research.
The evidence is mounting that plant diversity has a positive effect on standing root biomass 
(Ravenek et al. 2014; Mommer et al. 2015; Ma and Chen 2016). As the size of a stock depends on 
the balance between the influx and out-flux of material, the positive diversity effect on standing 
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root biomass (stock) may be due to increased root production (influx), decreased root mortality 
(out-flux), or both. To our knowledge, only a few diversity studies have directly measured root 
production (Mommer et al. 2015; Ma and Chen 2016; Sun et al. 2017) and just one assessed root 
mortality (Mommer et al. 2015). This limited evidence suggests that root production increases and 
root mortality decreases with increasing plant species richness (Mommer et al. 2015; Ma and Chen 
2016; Sun et al. 2017). Yet, the paucity of data hampers the generalization of these diversity effects 
on root production or mortality.
Root production in species-rich communities may be stimulated by inter-specific competition, 
complementary resource use, and/or reduced suppression from host-specific pathogens. 
Belowground resource competition is generally size-symmetric, i.e., proportional to root size 
(Weiner et al. 1997; Bartelheimer et al. 2008). Thus, growing more roots to occupy a large soil 
volume is competitively advantageous for plants. Some species overproduce roots in the presence 
of other species compared to monocultures (Mommer et al. 2010; Padilla et al. 2013). This root 
overproduction stimulated by inter-specific interactions may occur before soil nutrients are 
depleted (Padilla et al. 2013). Alternatively, other species tend to avoid competition by shifting the 
vertical distribution of root systems (Paya et al. 2015) and/or by using different chemical forms of 
a resource (Kahmen et al. 2006; Ashton et al. 2010). Such complementary resource use potentially 
leads to higher root biomass packing per unit area and thus higher root production in species-rich 
communities. In addition, species-specific pathogens may drive the observed enhanced biomass 
production in species-rich communities (Maron et al. 2011; Schnitzer et al. 2011). Species-specific 
pathogens are assumed to accumulate in monocultures or species-poor communities, inhibiting 
biomass production. Therefore, plants growing in species-rich communities are relaxed from 
suppression by species-specific pathogens and consequently, may show higher root production (de 
Kroon et al. 2012; Hendriks et al. 2015).
Plant diversity may alter root mortality but predicting the direction of the diversity effect is 
not straightforward. The positive relationship between plant diversity and standing root biomass 
indicates that the cumulative difference between root production and mortality increases with plant 
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diversity. If root production increases with plant diversity as we mentioned above, increased (but 
with a shallower slope than root production), unchanged, or decreased root mortality could all lead 
to enhanced standing root biomass with increasing plant diversity. Some studies found that the 
overall above-ground biomass consumed by herbivores increased with increasing plant diversity 
(Loranger et al. 2014; Meyer et al. 2017). It is likely that root mortality due to herbivory also 
increases with plant diversity. So far, the only diversity study we are aware of showed that species-
mixed communities on average had lower root length loss than monocultures (Mommer et al. 
2015). 
Quantifying patterns of root production and mortality is also vital for assessing their combined 
effect – root turnover - along a plant diversity gradient. Root turnover is defined as the replacement 
of standing root biomass (or on a length basis). Given the significant biomass fraction that roots 
account for (Poorter et al. 2012),  measuring root turnover rate, i.e. the renewal speed of standing 
root biomass, is important for modeling ecosystem carbon and nutrient cycling (Gill and Jackson 
2000; Satomura et al. 2007). The rate of root turnover depends on the relative root production or 
mortality to the standing root biomass per year (Norby and Jackson 2000). Since both root 
production (numerator) and standing root biomass (denominator) may increase with increasing 
plant diversity (Ma and Chen 2016), it is difficult to predict the effects of plant diversity on root 
turnover rate based on root production. Yet, the relaxed stress from species-specific pathogens in 
species-rich communities (Maron et al. 2011; Schnitzer et al. 2011) may reduce the relative root 
mortality (root turnover rate based on root mortality).
Root-turnover rate can also be measured as the reciprocal of median root lifespan 
(synonymous to turnover time), i.e., the time by which 50% of roots are dead (Majdi et al. 2005). 
A series of intrinsic plant characteristics and environmental factors influence root lifespan (van 
der Krift and Berendse 2002; McCormack et al. 2012; Chen and Brassard 2013; McCormack and 
Guo 2014). For example, studies showed that root lifespan was positively correlated with root C:N
ratios and negatively correlated with temperature (McCormack et al. 2012; McCormack and Guo 
2014). Studies also reported that plant diversity increased root C:N ratios and reduced topsoil 
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temperature in grasslands (Zogg et al. 1996; Rachmilevitch et al. 2006; Chen et al. 2017). Thus, 
plant diversity may prolong root lifespan and thus reduce root turnover rate. In addition, in species-
rich communities, the suppression and damage from species-specific pathogens and herbivores 
may be lower than that in species-poor communities (Maron et al. 2011; Schnitzer et al. 2011), 
which likely results in longer root lifespan and reduced root turnover rate. Rottstock et al. (2014) 
observed that plant diversity promoted diversity of fungal pathogens but reduced pathogen 
infection levels of individual plants.
In addition to the potential effects of plant diversity on annual root production and mortality, 
plant diversity may affect the phenology of these two processes. Wolf et al. (2017) demonstrated 
that increasing plant diversity delayed overall peak flowering date and reduced the overlap in peak 
flowering dates in a California serpentine grassland. They further found that topsoil temperature, 
soil water content, and soil nitrogen availability partly explained the diversity-induced changes in 
flowering phenology (Wolf et al. 2017). Comparably, plant diversity may influence the temporal 
dynamics of root production and mortality, which consequently may alter the effect of plant 
diversity on standing root biomass throughout the year. Brassard et al. (2013) found that forest 
stands with evenly mixed species had higher fine root biomass than stands dominated by single 
species. However, this difference in root biomass was only significant in the summer, not in the 
spring or fall.
In this study, we aimed at determining the relative contribution of root production and 
mortality to the positive effect of plant diversity on standing root biomass in a large grassland 
biodiversity experiment. In addition, we assessed the effects of plant diversity on root turnover and 
root temporal dynamics. We monitored root dynamics in situ with minirhizotrons every other week 
from late February to late October in 2015 and analysed our data at two temporal resolutions: (1) 
using data aggregated across the observational period, we examined the effects of plant species 
richness on mean root length production and mortality rates, root length turnover rate and lifespan; 
and (2) using biweekly observations, we tested whether the effects of plant species richness on 
standing root length, instantaneous rates of root production and mortality changed over time. 
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We hypothesized that on an annual basis, (1) root length production increases with plant 
species richness. (2) Root lifespan increases and correspondingly, root length turnover rate 
decreases with increasing plant species richness. In addition, we hypothesized that (3) the effect 
of plant species richness on standing root length changes over time.
Material and Methods
Study site
We conducted this study at the Jena Experiment (http://www.the-jena-experiment.de/), a long-
term grassland diversity experiment. The field site is located on the floodplain of the Saale River 
on the outskirts of Jena (Thuringia, Germany; 50° 57’ 04” N, 11° 37’ 30” E, 130 m a.s.l.). Jena 
has a temperate climate with a mean annual temperature of 9.9°C and a mean annual precipitation 
of 610 mm (1980-2010, Hoffmann et al. 2014). The soil at the field is developed from up to 2-m 
thick loamy fluvial sediments (Roscher et al. 2004) and the soil texture (0-30 cm) changes from 
loam (40% sand, 44% silt, 16% clay) to silt loam (7% sand, 69% silt, 23% clay) with increasing 
distance from the river (Steinbeiss et al. 2008). The field site was an arable field under tillage and 
fertilization for ~40 years until the establishment of the Jena Experiment in 2002 (Roscher et al. 
2004). Roscher et al. (2004) give a full description of the experimental design. The present study 
included a subset of 60 experimental plant communities spanning a gradient of species richness (1, 
2, 4, 8, 16) and functional group richness (1, 2, 3, 4; grasses, legumes, small herbs, and tall herbs). 
These plant communities were established by randomly sampling a 60-species pool representing 
typical Central European Arrhenatherion grassland species and were arranged in a randomized 
block design to exclude the potential confounding effects of soil texture.
Repeated root observation with minirhizotrons
Minirhizotrons are transparent tubes installed in the soil through which roots at the same position 
are observed repeatedly[see Johnson et al. (2001) for the minirhizotron approach]. In April 2014, 
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we installed one minirhizotron tube at an angle of 45° in each experimental plant community. The 
minirhizotron tubes were made of polymethyl methacrylate, 60 cm long, and had an inner diameter 
of 6.4 cm and an outer diameter of 7.0 cm (Vink Kunststoffen B.V., Didam, the Netherlands). To 
avoid scratches on the tubes during installation and to ensure a good tube-soil contact, we drilled 
a hole with a diameter of 7 cm and a length of 55 cm using a rotary auger (EB 490G, L.V.G. 
Hartham GmbH, Kirchdorf am Inn, Germany), and then placed a tube in the hole. To prevent water 
infiltration from the bottom and light penetration from the upper ends, we sealed the bottom ends 
by gluing flexible PVC caps with sealant onto them, wrapped the part above the soil surface with 
black electrical tape, and covered the upper ends with black lids. 
We observed in situ root production and mortality every other week from February 25th to 
October 22nd, 2015. The 10-month waiting time after tube installation allowed for the recovery of 
roots and soil system from the disturbance of tube installation. In each campaign, we scanned each 
tube with a CI-600 In-Situ Root Imager (CID Bio-Science, Inc., Camas, Washington, USA) at 300 
dpi resolution. Each scan yielded an image of 21.6 × 19.6 cm area and covered the soil from 7 cm 
to 22.5 cm depth. We used a 21.6 × 3.0 cm area on the upper side of the minirhizotron tube for 
image analyses. We annotated roots using WinRHIZO Tron 2014c (Regent Instruments Inc., Ville 
de Québec, Canada) and distinguished between live and dead roots by color and shrinkage 
[reviewed by Satomura et al. (2007)]. We traced length of an entire root with a series of consecutive 
straight lines and marked it as one individual root. A new root began where the root orientation 
changed or a lateral root initiated. Due to technical failures during image acquisition and poor 
image quality, we excluded the 7th (May 21st) and 17th (October 9th) scanning campaign completely 
as well as some individual images. In total, we included 893 images (20 out of 60 tubes had 16 
scans; the rest missed one to 4 scans). Due to these exclusions, the realized interval between 
consecutive scanning dates ranged from 10 to 59 days with a median of 14 days (mean = 17 days). 
We recorded alive and dead root length (cm), cumulative gone root length (sum of root length 
disappeared between consecutive scanning campaigns since the first scan, cm), and cumulative 
total root length (sum of alive, dead, and cumulative gone root length, cm) for each image using 
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WinRHIZO Tron 2014c. All data were converted to a unit area basis. Since distinguishing between 
alive and dead roots is subjective to a certain extent, we summed the alive and dead root lengths 
as the standing root length and used the disappeared root length as a conservative estimate of root 
mortality (Satomura et al. 2007). We calculated instantaneous root length production and mortality 
rates (cm cm-2 day-1) for each interval between consecutive scanning campaigns and across the 
whole observational period as follows:
Root length production rate (cm cm-2 day-1) = (Totaltime2 – Totaltime1)/(Time2 - Time1) (1)
Root length mortality rate (cm cm-2 day-1) = (GoneTime2 – GoneTime1)/(Time2 - Time1) (2)
‘Total’ represents the cumulative total root length. ‘Gone’ represents the cumulative disappeared 
root length. Time1 and time2 indicate the beginning and the end of an interval, respectively. For 
mean root length production and mortality rates across the entire observational period, we used the 
first and the last scanning dates of each tube for Time1 and Time2, respectively, and the 
corresponding measures. We also calculated the difference between root length production and 
mortality rates.
The root length turnover rate is calculated as the ratio between root production (or mortality) 
and maximal standing root length. Other commonly used turnover rates (Satomura et al. 2007) are 
included in the supplementary (Table S2). Additionally, we computed the dates of birth and death 
(= disappearance in our study) for individual roots and recorded the censoring status (binary) of 
births and deaths. Censoring status indicates whether an event of birth or death has actually been 
observed. For instance, if an individual root is observed alive in one scan, but is dead (i.e., 
completely gone) at the following scan, we know for sure death occurs between these two scans 
(censoring status = 1). Alternatively, if an individual root is alive until the end of the experiment 
(i.e.  we do not observe its mortality), we record the death event as censored (censoring status = 
0). The birth date of a root was defined as midway between the date it was first observed and the 
date of the previous observation. Similarly, the death date of a root was defined as midway between 
the date it was last observed and the date of the following observation. For roots being alive at the 
first observation, we used the first observation dates as their birth dates and marked the birth event 
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as  ‘censored’.  Likewise,  for  roots  still  being  alive  at  the  last  observation,  we  used  the  last 
observation dates as their death dates and marked the death event as ‘censored’. We computed the 
differences between the death and birth dates as the residence time (in days) for each individual 
root and analyzed them using survival analysis. 
Statistical analyses
We applied linear mixed effects models to examine the effects of plant species richness on root 
length-based measurements over time including standing root length, instantaneous rates of root 
length production and mortality, and their difference (R package ‘nlme’; Pinheiro et al. 2017). We 
included plant species richness (log2-transformed, continuous), the observational time (days since 
the first scanning campaign, continuous and orthogonal polynomial), and their interaction as fixed 
terms. We included plot (factor) nested within block (factor) in the random term to account for the 
potential confounding effects of soil texture. In addition, we specified an auto-correlation term to 
account for the dependence in repeated measurements and included the variance structure to deal 
with heterogeneity in residuals when necessary (Zuur et al. 2009). We compared models based on 
Akaike information criterion (AIC) and chose the one with lowest AIC as the final model. 
Using mixed linear models, we also examined the relationship between plant species richness 
(continuous, log2 transformed) and the mean rates of root length production and mortality and 
their difference over the whole observational period as well as the root length turnover rates. We 
included block in the random term. Further, we changed plant species richness to a factor and 
extracted the least-squares means from the mixed linear models (Table S1). 
Based on data from individual roots, we fitted the Kaplan-Meier survival function (Kaplan 
and Meier 1958) to the residence time of all roots from each species richness level and extracted 
the median lifespans. We further applied the Cox proportional hazards regression analysis (Cox 
1992) to test the effects of plant species richness on the risk of death (hazard rate; Therneau and 
Grambsch 2000; Therneau 2015; Moore 2016). We applied the same analyses to roots already 
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being present at the first scanning campaign (old roots) and to roots initiated afterwards (new roots). 
All statistical analyses were performed in R version 3.3.2 (R Core Team 2016). 
Results
Effects of plant species richness on standing root length over time
During the observational period, standing root length on different species richness levels shared a 
unimodal pattern with peaks in May (Fig. 1, for the quadratic term of time: t827 = -6.587, P < 
0.0001). At each scanning campaign, plant species richness had a positive effect on standing root 
length. The interaction between plant species richness and time was not significant (Table 1, Fig. 
1).
Figure 1 Mean standing root length (± SE) at each species richness level over time. Different colors 
represent different species richness levels
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Table 1 Effects of plant species richness (SR, log2 transformed) on standing root length over time 
(Time, orthogonal polynomials, 3rd order). “numDF” indicates degrees of freedom in the numerator; 
“denDF” indicates degrees of freedom in the denominator. Significant effects (P < 0.05) are marked 
in bold
numDF denDF F-value P-value
(Intercept) 1 827 241.782 <0.0001
SR 1 55 7.349 0.0089
Time 3 827 49.467 <0.0001
SR:Time 3 827 0.328 0.80
Figure 2 Mean root length production and mortality rates (± SE) over the entire observational period
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Mean root length production and mortality rates and root turnover
Across the entire observational period, mean root length production rates ranged from 0.0083 ± 
0.0013 cm cm-2 day-1 (± SE) in monocultures to 0.0121 ± 0.0013 cm cm-2 day-1 (± SE) in 16-
species mixtures (Table S1). However, this increase in mean root length production rate with 
species richness was not significant (F1,55 = 2.76, P = 0.10; Fig. 2, Table S1). Similarly, plant 
species richness had no significant effect on mean root length mortality rate (F1,55 = 1.50, P = 0.23; 
Fig. 2, Table S1) although mean root length mortality rate ranged from 0.0082 ± 0.0014 cm cm-2
day-1 (± SE) in monocultures to 0.0104 ± 0.0014 cm cm-2 day-1 (± SE) in 16-species mixtures 
(Table S1). In addition, there was no significant difference between mean root length production 
and mortality rates across plant species richness levels (Table S1).
For the entire observational period, production-based root length turnover rate, calculated as 
the ratio between produced root length and maximum standing root length, ranged from 0.92 ±
0.10 yr-1 (± SE) in 16-species mixtures to 1.06 ± 0.13 yr-1 (± SE) in monocultures. Mortality-based 
root length turnover rate, calculated as the ratio between disappeared root length and maximum
standing root length, ranged from 0.77 ± 0.10 yr-1 (± SE) in 16-species mixtures to 1.06 ± 0.10 yr-
1 (± SE) in monocultures. Neither production- nor mortality-based root length turnover rate 
significantly changed with plant species richness (production-based t55 = -0.77, P = 0.44; 
mortality-based t55 = -1.14, P = 0.26; Fig. 3, Table S3). In addition, root length turnover rate using 
alternative calculations did not change the effects of plant species richness (Table S2, S3). 
Yet, median root lifespan, the reciprocal of root turnover rate, significantly changed with plant 
species richness (Fig. 4): when we pooled all roots together (all roots), roots in monocultures had 
a significantly shorter lifespan than roots in the 16-species mixtures. This was also true for roots 
that were present at the first scan (old roots). For roots that initiated after the first scan (new roots), 
the difference in median root lifespan between monocultures and 16-species mixtures was not 
significant. These results of median root lifespan were in agreement with the results of Cox 
proportional hazards models. Plant species richness had a weak negative effect on the risk of root 
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death for the “old roots” and “all roots” but no significant effect for the “new roots” (Table 2). 
When plant species richness doubled (i.e. 1-2, 2-4, 4-8, 8-16), the risk of root death declined by 
2.5% and 3.2% for all roots and old roots, respectively. The risk of root death for new roots did 
not change with plant species richness. 
Figure 3 Production- and mortality-based root length turnover rates (± SE) at different plant species 
richness levels
Table 2 Effects of plant species richness (SR, log2 transformed) on risk of root death using Cox 
proportional hazards model. Estimates represent the increase in the expected log of the relative hazard 
for each one unit increase in species richness. Hazard ratios are provided (null value = 1). Significant 
effect of SR on root mortality hazard are highlighted in bold
Group of roots Estimate Wald-value P-value Hazard ratio Lower CI Upper CI
All roots -0.0249 -3.021 0.003 0.975 0.960 0.991
Old roots -0.0327 -2.636 0.008 0.968 0.945 0.992





Temporal dynamics of instantaneous root length production and mortality rates
The dynamics of standing root length reflected the difference between instantaneous root 
production and mortality rates. Instantaneous root length production rate increased from 0.0086 ± 
0.0009 cm cm-2 day-1 (mean ± SE, n = 55) at the first observational interval to 0.0247 ± 0.0018 cm 
cm-2 day-1 (mean ± SE, n = 58) at the fourth observational interval (April 9th -23rd), and then 
decreased to ~ 0.0081 cm cm-2 day-1 afterwards (Fig. 5 a). Instantaneous root length mortality rate 
was very low for the first three observational intervals (~ 0.0008 cm cm-2 day-1), then increased 
gradually to ~ 0.0115 cm cm-2 day-1 after April 23rd (Fig. 5 b). There was a time lag between root 
length production and mortality. As a result, the differences between instantaneous root length 
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production and mortality rates remained positive until May 5th then decreased to 0 or below 0 
afterwards (Fig. S1). 
Plant species richness had no significant effects on the instantaneous rates of root length 
production and mortality or their difference (Table 3). The interactions between plant species 
richness and time were not significant either (Table 3).
Table 3 Effects of plant species richness (SR, log2 transformed) on instantaneous rates of root length 
production, mortality, and their differences over time. Time was included in the models as an 
orthogonal polynomial term: third order for root length production and mortality rates; fourth order for 
the differences
numDF denDF F-value P-value
Production (Intercept) 1 767 339.043 <0.001
SR 1 55 3.109 0.08
Time 3 767 24.497 <0.001
SR:Time 3 767 0.817 0.48
Mortality (Intercept) 1 768 253.001 <0.001
SR 1 55 1.699 0.20
Time 2 768 109.073 <0.001
SR:Time 2 768 0.965 0.38
Difference (Intercept) 1 764 21.413 <0.001
SR 1 55 2.259 0.14
Time 4 764 59.273 <0.001
SR:Time 4 764 0.554 0.70
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Figure 5 Instantaneous rates of root length production (panel a) and mortality (panel b, ± SE) at each 
plant species richness level over time. Different colors represent different species richness levels
Discussion
Using minirhizotrons, we showed that higher plant species richness was associated with higher 
standing root length throughout the observational period. However, neither mean rates of root 
length production, mortality, nor their differences could account for this enhanced standing root 
length in species-rich communities. Similarly, plant species richness did not significantly affect
the root length turnover rate. Yet, results of survival analysis based on individual roots showed 
that plant species richness prolonged median root lifespan.
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Root length production and mortality did not explain diversity effects on standing root 
length
The positive relationship between plant species richness and standing root length agrees with the 
increased standing root biomass reported in the Jena Experiment (Ravenek et al. 2014) and results 
of other studies (Mommer et al. 2015; Ma and Chen 2016). Additionally, using the minirhizotron 
approach, we clearly showed that this positive diversity effect not only existed when plant 
communities reached peak standing root length but was maintained throughout the observational 
period from February to October. This suggests that the positive effect of plant species richness on 
standing root stock is stable in our field site. Contrary to our expectations, plant diversity did not 
affect the mean rates of root length production or mortality across the observational period. Thus,
neither root production nor root mortality could explain this positive diversity effect on standing 
root biomass. These results also appear to contradict findings of the only other diversity study 
measuring root production and mortality that used minirhizotrons (Mommer et al. 2015). The
authors found that plant diversity stimulated annual root length production, reduced annual root 
length mortality, and consequently enhanced standing root length (Mommer et al. 2015). Two 
reasons may explain why our results differ from Mommer et al. (2015): (1) the age of the target 
communities and/or (2) the duration of observation. Mommer et al. (2015) monitored root length 
dynamics for four consecutive years since the establishment of their diversity experiment. They 
observed that average root length production was greatest in the first year and then decreased over 
time. They also found that average root length mortality was relatively small in the last growing 
season compared with previous years. In contrast, we observed root systems for one growing 
season when the communities were 13 years old. It is likely that the largest effect of plant diversity 
on root dynamics occurs in the initial years of plant community development. Once established, 
plant diversity may have only a minor effect on root dynamics and one growing season may be too 
short to detect such small effects. The experimental grasslands in our study may have reached a 
point where root length production equals root length mortality on an annual basis; while most of 
the plant communities studied by Mommer et al. (2015) still accumulated standing root length. 
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Root turnover
We estimated root turnover based on root length and lifespan of individual roots but had slightly 
different results. Plant species richness did not significantly affect root length turnover rates
irrespective the calculation methods used, while median root lifespan increased with increasing 
plant species richness. Root turnover rate and root lifespan are reciprocals of each other; longer 
root lifespan corresponds to lower root turnover rate. We would thus expect very similar results 
on these measures of turnover. The discrepancy in significance levels of diversity effects on root 
turnover rate and root lifespan in our results may be due to the sample sizes. Root lifespan was
calculated based on individual roots with much larger sample sizes (n = hundreds to thousands)
than root length turnover rate (n = 11 - 13). With this big sample size for calculating root lifespan, 
the small effect of plant diversity on root turnover may become detectable. Nevertheless, we did 
find a decreasing trend in root length turnover rate with increasing plant species richness, which 
matched the prolonged root lifespan. Moreover, the Cox proportional hazard model showed that 
the effect size of plant species richness was very small (Table 2): when plant species richness 
doubled (within the range from 1 to 16), the root mortality risk decreased by 2.5% for all the roots 
and 3.2% for old roots. Yet, it is noteworthy that we probably underestimated the root lifespan 
because of the short observational period (Pritchard and Strand 2008). We found that old roots, 
i.e., roots being present since the first scanning campaign, made up 34% to 42% of all roots (Table 
S4). These old roots likely initiated in the last year and survived the last winter. In addition, 39% 
to 55% of the new roots, which initiated after the first scanning campaign, remained present until
the last scanning campaign (Table S4).
The prolonged root lifespan with plant diversity may result from lessened stress of species-
specific pathogens and/or from facilitation via abiotic environmental conditions (Wright et al. 
2017). Multiple studies have found that soil pathogens might be a driver of diversity-productivity 
relationships (Maron et al. 2011; Hendriks et al. 2013, 2015). The build-up of species-specific 
pathogens in species-poor communities potentially leads to decreased root lifespan and increased
root mortality risk. In addition, the reduced top-soil temperature in species-rich communities may 
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reduce the respiration cost of maintaining roots, thus leading to longer root lifespan (McCormack 
and Guo 2014). We expect that this small positive effect of plant diversity on root lifespan may 
accumulate and gradually strengthen the effect of plant diversity in the long term.
Temporal dynamics in root length production and mortality
Temporal dynamics of root production and mortality have been widely observed (López et al. 2001; 
Snyman and Bredenkamp 2005; Steinaker and Wilson 2008), yet have been rarely studied in the 
context of diversity. We observed that changes in instantaneous root length production rates over 
time followed a unimodal curve, which peaked in mid-April. In contrast, instantaneous root length 
mortality rates did not have an obvious peak, but rather increased gradually until early May and 
then remained more or less constant (Fig. 5). However, plant species richness did not significantly 
affect dynamics of root production or mortality, as was indicated by the insignificant interaction 
between plant species richness and time. The lack of an effect of plant species richness on root 
temporal dynamics suggests that other factors such as the macro-climate may have an overriding
effect on root phenology. 
The different dynamics between root length production and mortality may be related to 
different suits of factors (Radville et al. 2016). The increase in root production rates in April before 
peak aboveground biomass (May - June) likely reflects the shift of plant carbon allocation to roots 
in spring to satisfy an initially increased nutrient and water demand for aboveground growth and 
reproduction. After the establishment of root systems, plants allocate more carbon to the 
aboveground compartment to support shoot growth and reproduction (Lauenroth and Gill 2003). 
In contrast, root mortality may depend more on soil temperature and soil fauna activity. We used 
root disappearance as a more conservative measure of root mortality, which partly incorporates 
root decomposition and herbivory. With increasing temperature in spring, the activity of soil fauna 
is no longer limited by temperature (Gongalsky et al. 2008), which likely results in an increased 
root disappearance, and thus mortality, in our study after spring. As we did not take scans in early 
spring and in winter, we may underestimate root production and mortality. Based on the dynamics 
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of root production and mortality (Fig. 5), we speculate that the onset of root production could be 
earlier than the first scan and root death potentially continues to decrease in the winter.
Conclusion
Our study provides for the first time detailed information on the effects of plant species richness 
on root dynamics and turnover in the field. By comparing our results with others, we suggest that 
similar to the importance of stand age in understanding root processes in forests (Yuan and Chen 
2010; Jagodzinski et al. 2016), community age should be taken into account for root research in 
grasslands. In our 13-year-old grassland, the effect of plant species richness on standing root 
biomass (or length) is already established and maintained throughout the year. Although we could 
not explain the established relationship between plant diversity and standing root biomass, our 
results provide an explanation for changes occurring now and in the near future. We expect that 
these small diversity effects will accumulate and strengthen the diversity – standing root biomass 
relationship in the long term.
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Supplementary
Table S1 Least-squares (LS) means for mean rates of root length production, mortality, and their 
differences across the entire observational period at different plant species richness (SR) levels. 95% 
confidence intervals (CI) are reported
Response SR LS-mean SE df Lower CI Upper CI
Production 1 0.0083 0.0013 3 0.0042 0.0125
2 0.0104 0.0012 3 0.0064 0.0143
4 0.0114 0.0012 3 0.0076 0.0152
8 0.0098 0.0012 3 0.0060 0.0136
16 0.0121 0.0013 3 0.0080 0.0162
Mortality 1 0.0082 0.0014 3 0.0039 0.0126
2 0.0092 0.0013 3 0.0051 0.0134
4 0.0096 0.0013 3 0.0056 0.0136
8 0.0100 0.0013 3 0.0060 0.0140
16 0.0104 0.0014 3 0.0060 0.0147
Difference 1 0.0001 0.0007 3 -0.0022 0.0025
2 0.0012 0.0007 3 -0.0011 0.0034
4 0.0018 0.0007 3 -0.0004 0.0039
8 -0.0001 0.0007 3 -0.0023 0.0020




Figure S1 Difference between instantaneous root length production and mortality rates (± SE) at each 
plant species richness level over time. Different colors represent different species richness levels
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6 General Discussion
6.1 Summary of Contents in this Dissertation
This dissertation focuses on the influence of plant diversity on root decomposition and turnover in 
temperate grasslands. In the Jena Experiment, a long-term grassland diversity experiment, I 
examined whether and how different measures of plant diversity, i.e., species richness, functional 
group richness, and the presence/absence of individual functional groups affected root 
decomposition using three decomposition experiments (Chapter 3). Further, I identified the 
variables mediating the effects of plant diversity on root decomposition and their relative 
importance using structural equation modeling (Chapter 4). Chapter 3 and 4 demonstrate that plant 
species richness has a negative effect on root decomposition. Most importantly, these two chapters 
reveal that plant species richness and individual functional groups (grasses and legumes) influence 
root decomposition via different pathways. In Chapter 5, I shifted the focus to the root processes 
that precede decomposition – root production and mortality and their consequences for root 
turnover, with the goal of explaining the positive effect of plant species richness on standing root 
biomass (Ravenek et al. 2014). However, currently, in the Jena Experiment, plant species richness 
does not significantly affect root length production, mortality, or turnover rates but only has a small 
positive effect on root lifespan. After comparing our study with others, I propose that community 
age is a major factor influencing the size of diversity effects on root turnover. The three chapters 
presented in this dissertation cover key processes in the root life cycle and deepen our 
understanding of the increased soil carbon stock with increasing plant diversity (Steinbeiss et al. 
2008; Lange et al. 2015).
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Figure 6-1 Updated conceptual figure depicting the contents of this dissertation. The grey part depicts 
the effects of plant species richness and the presence/absence of individual functional groups on root 
decomposition and the underlying pathways (discussed in section 6.2). The green part depicts the 
effects of plant species richness on root turnover via root production and mortality (discussed in section 
6.3). For root turnover, time is an important factor (open arrow). Both root decomposition and turnover 
are closely linked to soil carbon stock via soil microbial community (the light blue part) which are 
therefore include in each of the sections individually
6.2 Advancing Our Understanding of Root Decomposition in BEF Research
6.2.1 Effects of plant diversity on root decomposition in grasslands
This dissertation, for the first time, provides unambiguous evidence that different measures of plant 
diversity affect root decomposition via different pathways. We directly show that in grasslands,
increasing plant species richness and the presence of grasses negatively affect root decomposition 
and that the presence of legumes positively affects root decomposition (Chapter 3 Table 1). 
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Moreover, our results also give some hints about the mechanistic differences among the effects of 
different diversity measures on root decomposition. In Chapter 3, I carried out three decomposition 
experiments to assess the overall effects of plant diversity on root decomposition and to disentangle 
the two pathways via which plant diversity may affect root decomposition. The significant effects 
of plant species richness in all three decomposition experiments suggest that both root litter quality 
and the soil environment (including soil biota and abiotic conditions) contribute to the negative 
effect of plant species richness on root decomposition (Chapter 3 Table 1, Fig. 1). Similarly, the 
negative effect of grass presence on root decomposition may be largely driven by the root litter 
quality pathway but diminished by the soil environment pathway (Chapter 3 Table 1). In contrast, 
the presence of legumes likely only affects root decomposition via the root litter quality pathway 
(Chapter 3 Table 1). These implications are largely confirmed in Chapter 4 where I used structural 
equation modeling to further unravel the mechanisms underlying the effects of plant diversity on 
root decomposition. The final structural equation model explained 70% of the variation in root 
mass loss and further narrowed the root litter quality and soil environment pathways down to root 
chemistry and soil biota (Chapter 4 Fig. 2). The final structural equation model implies that plant 
species richness and grass presence affect root decomposition via root chemistry (root K 
concentration for plant species richness; root K and lignin concentrations for grasses) and soil biota 
(the abundance of Oribatida) while legume presence affects root decomposition only via the root 
chemistry pathway (root lignin and Mg concentrations). Meanwhile, our results suggest that root 
morphology and soil abiotic conditions likely only play minor roles in the effects of plant diversity 
on root decomposition (Chapter 4 Fig. S3).
Furthermore, based on data availability and the results in Chapter 4, I expect that incorporating 
more information on decomposition-related soil biota will largely improve our understanding of 
the effects of plant diversity on root decomposition. In Chapter 4, I assembled 31 field-measured 
variables to characterize the pathways of root litter quality, soil biota, soil abiotic condition. 
However, only four out of 31 variables (soil basal respiration, microbial biomass carbon, 
Collembola abundance, and Oribatida abundance) were related to soil biota abundance or activity. 
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The number of variables characterizing soil biota was much fewer than that of variables 
characterizing the other two pathways (Chapter 4 Table S1). Moreover, not all of the four soil 
biotic variables represent the functional groups that are actually involved in decomposition. 
Contrary to my hypothesis, soil microbial abundance, activity (indicated by soil basal 
respiration; Joergensen and Emmerling 2006) and the abundance of Collembola were not 
significantly correlated with root decomposition (Chapter 4 Table S4). While the lack of effects of 
microbes and Collembola on decomposition contradicted our expectations, it was in line with our 
understanding of their ecology. Although soil microbial abundance and activity increased with 
increasing plant species richness, it is associated with microbes with various functions aside from 
decomposing plant litter. For example, within the bacterial community, the rapidly-growing gram-
negative bacteria specialize in living on root exudates while the slowly-growing Actinobacteria (a 
group of gram-positive bacteria) have the ability to decompose lignin (Chapin III et al. 2011). 
Therefore, the gram-negative bacteria are not relevant for root decomposition while Actinobacteria
are closely related to root decomposition. In the soil of the Jena Experiment, the abundance of 
gram-negative bacteria is around twice that of gram-positive bacteria, and much greater than the 
abundance of saprotrophic fungi (Lange et al. 2014; Mellado-Vázquez et al. 2016). Thus, the 
increase in the bulk microbial abundance or activity does not necessarily imply an increase in 
decomposition function of microbial community and vice versa (McGuire and Treseder 2010). 
Similarly, Collembola include species feeding on a wide range of food and belonging to different 
trophic levels (Rusek 1998; Potapov et al. 2016). Therefore, Collembola as a group may be too 
general to be relevant for root decomposition. Moreover, Fujii and Takeda (2017) found that 
Collembola abundance was primarily determined by soil abiotic factors such as water content 
rather than by litter quality. 
Among the four soil biotic variables included, only the abundance of Oribatida has a negative 
effect on root decomposition (Chapter 4 Fig. 2, Table S4). The involvement of Oribatida in root 
decomposition agrees with a study conducted by Fujii and Takeda (2017). They observed that the 
relative abundance of Oribatida increased with the progression of root decomposition (Fujii and 
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Takeda 2017). However, it is not clear how Oribatida are involved in root decomposition. Similar 
to Collembola, Oribatida also feed on various foods including plant litter but they preferentially 
feed on fungi (Siepel and Ruiter-Dijkman 1993; Schneider et al. 2004). Based on the feeding habits 
of Oribatida, there are two potential ways via which Oribatida affect root decomposition: (1) by 
directly feeding on root litter and/or (2) by feeding on fungal decomposers and thus indirectly 
influencing root decomposition. The negative relationship between the Oribatida abundance and 
root decomposition excludes the first explanation. The second explanation is not likely either
because the abundance of Oribatida is more likely to be positively rather than negatively correlated 
with the amount of food - fungi. An increase in fungal biomass likely stimulates root 
decomposition, even when arbuscular mycorrhizal fungi are the dominant fungi (van der Wal et 
al. 2013; Gui et al. 2017). Moreover, the grazing of microarthropods on fungi normally stimulates
microbial activity and microbial decomposition via direct return of mineral nutrients in excreta, 
litter comminution, the compensatory growth of fungi, and/or reduction of competition among 
fungi (Lussenhop 1992; Joo et al. 2006; A’Bear et al. 2014). Thus, the negative effect of Oribatida 
on root decomposition likely does not operate via grazing on root litter or fungi.
Alternatively, while indicating an increase in fungal biomass, the increased abundance of 
Oribatida with increasing plant species richness may also represent the increasing dominance of 
inherently slow cycling fungal energy channels compared with fast cycling bacterial energy 
channels (Wardle et al. 2004; Cardon and Whitbeck 2011). In other words, with increasing plant 
species richness, the major microbial decomposers may shift from bacteria to fungi, 
correspondingly, resulting in a shift of dominance from bacteria-based food webs to fungal-based 
food webs. Ecosystems with bacteria-dominated energy channel and those with fungal-dominated 
energy channel are associated with relatively fast and slow decomposition, respectively (Wardle 
et al. 2004). Eisenhauer et al. (2017) observed that fungal biomass increased with increasing plant 
species richness resulting in increased fungal:bacterial ratio. The increased fungal:bacterial ratio 
along the plant species richness gradient is in line with the increased C:N ratio of community roots
(Chen et al. 2017) as litters with high C:N ratio favor fungal growth (Grosso et al. 2016). Yet, the 
109 
shift from bacterial decomposition to fungal decomposition with increasing plant species richness 
has yet to be tested in the field.
In addition to soil biota, soil temperature may still be an interesting variable for understanding 
the plant diversity-root decomposition relationships although soil temperature was not selected in 
the most parsimonious structural equation model built on PCA components (Chapter 4 Fig. S3c, 
Table S6). Including soil temperature in the structural equation model reduced the direct paths 
from plant species richness to root mass loss and from grass presence to root mass loss (Chapter 4 
Fig. S3). The positive grass presence-soil temperature-root mass loss pathway agreed with the 
positive effect of grass presence on the decomposition of standardized root litter in experimental 
plots, i.e., the general soil environmental pathway (Chapter 3 Table 1). However, the effect of soil 
temperature on root decomposition was very weak (standardized path = 0.17, 0.05 < P < 0.1). 
Additionally, the AIC and BIC, as well as other parameters, suggested that the model without 
temperature better fits the data (Chapter 4 Table S6). The weak and unstable effect of soil 
temperature may be due to the fact that I used the median annual soil temperature from past years
(because of data availability). This mismatch between the resolutions of annual soil temperature 
and decomposition in growing season may reduce the predicting power of soil temperature on root 
decomposition in our study. 
6.2.2 Linking root decomposition to soil carbon stocks
We show that plant species richness reduces root decomposition via affecting root chemistry and 
soil biota (Fig. 6-1). In this dissertation, I used percentage root mass loss, a relative measure, to 
indicate root decomposition. The reduced root decomposition suggests that with increasing plant 
species richness, an increasingly higher proportion of root litter remains in the soil [root mass 
remaining (%), the opposite of root mass loss], which contributes to the labile and intermediate 
pools of soil organic matter (Cotrufo et al. 2015; Dignac et al. 2017). Combining this increased 
relative mass remaining with the increased standing root biomass (Ravenek et al. 2014; Ma and 
Chen 2016), the absolute contribution of remaining root mass to soil organic matter may increase 
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even faster with increasing plant species richness. The increase in the amount of remaining root 
litter partially explains the increased soil carbon stock with increasing plant species richness 
(Steinbeiss et al. 2008; Lange et al. 2015). Yet, the actual root litter input depends on the annual 
root mortality, which may deviate from standing root biomass. Additionally, my decomposition 
experiments focused on the early-stage of root decomposition due to the short duration (four 
months). In the early stages of decomposition, the remaining root mass does not reach the threshold 
where there are few changes in remaining root mass (Berg and McClaugherty 2014). It is possible 
that the positive relationship I found between root mass remaining and plant species richness for 
initial and fast root decomposition might alter or even reverse when only more recalcitrant root 
compounds are left for decomposition. Such examples are reported on the effects of nitrogen 
addition on leaf litter decomposition (Berg and McClaugherty 2014). 
While root mass loss (= root decomposition in this dissertation) has long been linked to carbon 
loss, a fraction of the lost root mass (labile root compounds) is incorporated into microbial biomass
via anabolism. This anabolized fraction can contribute to the long-term soil carbon stock after the 
death of microbial decomposers (Cotrufo et al. 2015; Dignac et al. 2017; Liang et al. 2017). 
Intuitively, the anabolized proportion of lost root mass by microbes depends on litter quality and 
the composition of microbial decomposers. In a microcosm litter decomposition experiment, Malik 
et al. (2016) found that higher soil fungal:bacterial ratio was associated with lower CO2 respiration 
and higher incorporation of litter-derived carbon in the bulk soil. Thus, they proposed that the 
fungal dominant soil had higher carbon stock potential (Malik et al. 2016). However, since they 
used powdered litter and could not evaluate mass remaining, it was not clear whether the 
undecomposed litter also contributed to the increased carbon sequestration in the fungal dominant 
soil. We need more information to quantify different carbon sequestration paths during plant litter 
decomposition.
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6.3 Time Matters for the Diversity–Root Turnover Relationship
6.3.1 Minor effects of plant species richness on root turnover in 13-year-old grasslands
The second focus of this dissertation was to explain the positive effect of plant species richness on 
standing root biomass through root turnover and dynamics. By monitoring roots in situ with 
minirhizotrons, we confirmed that plant species richness positively affects standing root biomass 
(indicated by standing root length). Moreover, this positive relationship remains throughout the 
observational period (late February – late October, Chapter 5 Fig. 1, Table 1). However, contrary 
to our expectations, rates of root length production, mortality, and root length turnover (based on 
either production or mortality) did not significantly change with plant species richness (Chapter 5 
Fig. 2 and 3, Table 3). Thus, none of these three measurements explained the positive effect of 
plant species richness on standing root length. Yet, the results of my survival analyses based on 
individual roots revealed that plant species richness positively affected root lifespan. Comparing 
our results with studies having multiple-year data in grasslands (Ravenek et al. 2014; Mommer et 
al. 2015), community age and the short observational period together may account for the 
phenomenon we observed. Specifically, in our 13-year-old grasslands, the changes in the effect of 
plant species richness on standing root length may be too small to be detected within a short 
observational period.
Community age (or stand age) is an important factor in forest ecosystems yet neglected in 
grasslands. In forests, studies have shown that stand age affects fine root standing biomass, 
production, and mortality (Makkonen and Helmisaari 2001; Claus and George 2005; Yuan and 
Chen 2012; Ma and Chen 2017). In a forest chronosequence, changes in fine root standing biomass 
generally follow three phases: (1) a rapid increase after clear-cut harvest until the maximal standing 
root biomass; (2) a decrease in standing root biomass during the maturation of the stand; and (3) a 
steady state with equal root production and mortality in mature stands (Makkonen and Helmisaari 
2001; Claus and George 2005; Yuan and Chen 2010). In a boreal forest, Yuan and Chen (2012)
observed that root production and mortality first increased then decreased with stand age but their
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temporal patterns were not synchronized. Compared with forest ecosystems, the effect of 
community age on root processes is seldom studied in grasslands but may be similar. A previous 
9-year-long study in the Jena Experiment demonstrated that mean standing root biomass first 
increased then decreased with community age (Ravenek et al. 2014). In another four-year-long 
grassland experiment, Mommer et al. (2015) observed that standing root length increased with 
community age (except monocultures of Anthoxanthum odoratum L.). However, the increment of 
standing root length was the most pronounced in the first year and then decreased with community 
age, which was in accordance with the exponential decrease in root length production (Mommer 
et al. 2015). Different from Mommer et al. (2015) who followed root dynamics since the beginning
of their experiment, we only monitored roots for eight months in 13-year-old plant communities
and had waited 10 months before the first scan. Therefore, what we measured were the intra-annual 
changes in the effect of plant diversity on standing root biomass and processes driving these 
changes. At this age, there may be only a minor annual change in standing root biomass as 
indicated by the insignificant difference between root length production and mortality within 
species richness levels (Chapter 5). Additionally, in Ravenek et al. (2014), the magnitude of inter-
annual differences in standing root biomass decreased until 2008.
Moreover, the short observational period likely further contributed to the insignificant effects 
of plant diversity on length-based measurements. As I mentioned above, plant species richness 
may have only a minor effect on intra-annual changes in standing root biomass. The small size of 
such a diversity effect was reflected by a negative trend of root length turnover rate along the plant 
species richness gradient and confirmed by the prolonged median root lifespan (Chapter 5 Fig. 2 
vs. Fig. 4 Table 2). The reciprocal of median root lifespan is another measure of root turnover rate 
(Satomura et al. 2007). The different significance levels between the diversity effects on length-
and individual-based turnover rates were likely caused by the differences in sample sizes. The 
replicating unit for the length-based turnover rate was the plant community. Thus, there were 11-
13 replicates for each species richness level. In contrast, calculation of root lifespan was based on 
individual roots, and thus there were hundreds or thousands of replicates for each species richness 
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level. With such large sample sizes, the effect of plant species richness more likely becomes
significant. The pattern of root length turnover rate matched changes in median root lifespan across 
species richness levels. With a longer observational period, the small diversity effects on length-
based measurements may accumulate and become detectable.
It should be noted that the short observational period probably also leads to an underestimate 
of median root lifespan and influences annual root production and mortality. The calculation of 
root lifespan depends on root residence time (longevity) which cannot be longer than the 
observational period. Because I used the first scanning date as the birth date for roots being present 
at the first scan (the first root cohort), the residence time of the first root cohort was actually shorter 
than their true residence time. Further, more than 25% of roots from the first cohort were still alive 
at the last observation (Chapter 5 Table S4). In addition, we did not scan roots in winter months as
we expected little root activity when the temperature is low. However, if we assume that the rates 
of root length production and mortality at the end of the year would approximate those at the 
beginning of the year, based on the temporal dynamics of root production and mortality, we would 
expect that root production may start earlier than the first scan and root mortality may continue for 
some time after the last scan. Thus, because we are missing winter measurements, we may miss 
the early onset of root production before late February and root mortality after October. 
Nevertheless, median root lifespan did roughly increase with plant species richness, which 
may be driven by soil-borne pathogens and/or the selection effects. Recent studies incline that 
species-specific pathogens accumulate in species-poor communities (Schnitzer et al. 2011; Bever 
et al. 2015). As a result, pressure from species-specific pathogens is lower in species-rich plant 
communities relative to species-poor communities (Maron et al. 2011; Schnitzer et al. 2011; 
Hendriks et al. 2013, 2015). The declined pressure of species-specific pathogens partially explains 
the prolonged root lifespan with increasing plant species richness. Alternatively, the selection 
effect, interpreted as the dominance of species with long root lifespan in this case (Loreau and 
Hector 2001), may be an explanation for the positive effects of plant species richness on root 
lifespan. However, the selection effect is not necessarily correlated with plant species richness in 
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reality. Other factors, such as species-specific interactions, may influence the relative abundance 
of species-specific roots. In Chapter 5, I found that two-species mixtures had relatively longer root 
lifespan and eight-species mixtures had relatively shorter root lifespan. Such deviation may be due 
to the dominance of species with long root lifespan in two-species mixtures and the dominance of 
species with short root lifespan in eight-species mixtures. Yet, species-specific root abundance and 
lifespan are not readily available in the field.
6.3.2 Putting root turnover in the framework of carbon cycling
In Chapter 5, I examined root production, mortality, and their consequences on root turnover. As 
I used root length disappearance to indicate root length mortality, root decomposition was 
embedded in the process of root length mortality (Satomura et al. 2007). Before we incorporate 
root decomposition into the root life cycle, it is important to distinguish between relative and the 
absolute measurements. In this dissertation, root decomposition measured as root mass loss (%) 
was a relative measurement while rates of root length production and mortality were absolute 
measurements. I calculated absolute root mass loss (per unit area) by multiplying the relative root 
mass loss (% of initial root mass) with standing root biomass (g m-2). After conversion, the absolute 
root mass loss is likely closely related to root length mortality while the relative root mass loss is 
related to the mortality-based root length turnover rate (i.e. relative root mortality). The tendency 
of increasing root length mortality was in line with the increased absolute root mass loss with 
increasing plant species richness (t67 = 2.30, P = 0.024).
Root production, persistence, mortality, and decomposition are closely related to soil carbon 
input and sequestration (section 1.2.2, Fig. 6-1). Root production determines the carbon input into 
belowground biomass. Root mortality and decomposition determine the amount of carbon entering 
the detritus food webs and carbon incorporated into soil organic carbon pools via partially 
decomposed roots and via microbial decomposers (Cotrufo et al. 2015; Dignac et al. 2017). 
Additionally, living root systems continuously secrete root exudates which drive microbial activity
in rhizosphere and partially contribute to soil organic carbon pools via microbial biomass (Liang 
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et al. 2017). In this dissertation, I show that plant species richness does not significantly affect root 
length production in 13-year-old grasslands. Thus, on an annual basis, carbon input into 
belowground net primary productivity does not differ among species richness levels in mature 
grasslands. The decreasing root decomposition with increasing plant species richness suggests an 
increase in the remaining root mass which may drive the build-up of soil carbon sequestration. The 
lack of significant effects of plant species richness on root length mortality inclines that the lost 
root mass across species richness levels is similar. Thus, the labile compounds in roots and the 
anabolized fraction of roots (section 6.2.2) may not drive the positive effect of plant diversity on 
soil carbon stock. Alternatively, I demonstrate that plant species richness has a positive effect on 
standing root length throughout the year. The increase in standing root length is associated with 
increasing root exudates (Eisenhauer et al. 2017). Thus, species-rich communities may have much 
greater root exudates than species-poor communities. Yet, whether the increased root exudates 
leads to increased soil carbon stock depends on the effect of root exudates on the decomposition 
of soil organic carbon.
The effect of root exudates (and other labile carbon input including fresh plant litter) on soil 
carbon stock remains elusive due to the multiple roles of root exudates on the decomposition of 
soil organic matter (Kuzyakov et al. 2000; Blagodatskaya and Kuzyakov 2008). Root exudates 
may positively or negatively influence decomposition of soil organic carbon via stimulating the 
secretion of extracellular enzymes and/or via altering the functional composition of microbial 
composition (priming effect; Kuzyakov et al. 2000; Kuzyakov 2010). Previous studies showed that 
adding artificial root exudates or fresh litter generally accelerated decomposition of soil organic 
carbon (Blagodatskaya and Kuzyakov 2008). However, these studies only added substrate once. 
Qiao et al. (2014) revealed that single addition may over-estimate the priming effect on soil organic 
carbon. In contrast, continuous input of root exudates may outweigh the positive priming effect on 
the decomposition of soil organic carbon, thus resulting in increased soil carbon stock (Qiao et al. 
2014). In nature, there are continuous inputs of root exudates and root litter into soils. According 
to Qiao et al. (2014), even though this labile carbon input likely stimulates decomposition of soil 
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organic carbon, they could have a net positive effect on soil carbon stock due to the input pattern. 
Thus, root exudates may be an important driver for the positive diversity effect on soil carbon 
stock.
6.4 Outlook
This dissertation deepens our knowledge of the effects of plant diversity on root decomposition 
and turnover and adds important pieces of information for understanding the enhanced soil carbon 
stock with increasing plant diversity. In this dissertation, I also raise two main questions for future 
research on the relationships between plant diversity and root processes: (1) how can we better 
capture the role of soil biotic community in root decomposition? (2) Which processes drive the 
positive relationship between plant species richness and standing root biomass in the field?
Q1: How can we better capture the role of soil biotic community in root decomposition?
Soil biota play a central role in root decomposition as processors. Yet, due to data availability, we 
only included four variables for the soil biota pathway, which, I believe, was too few to 
characterize the soil biotic community. More importantly, the soil biotic variables we had may be
not directly relevant for decomposition, such as soil basal respiration and Collembola abundance. 
This is mainly due to the vast diversity of soil biota and the lack of understanding of the functions
of soil biotic groups. Even the abundance of Oribatida, which had a negative effect on root 
decomposition, might be a surrogate of the inherently slow-cycling fungal-based energy channel. 
Thus, I believe that a better understanding of decomposition-related soil biota will improve the 
explanatory power of the diversity effects on root decomposition.
Specifically, I hypothesize that the increasing dominance of fungal decomposers is 
responsible for the decreased root decomposition with increasing plant species richness. Future 
studies could test this hypothesis in the following two steps: (1) measuring the microbial 
community composition along the plant diversity gradient using the phospholipid fatty acids 
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(PLFAs; e.g. Lange et al. 2014) and (2) identifying the decomposition responsible microbial 
groups using 13C-labelled plant litters and 13C-PLFA (e.g. Williams et al. 2006; Moore-Kucera and 
Dick 2008). PLFAs are essential components of microbial cell membranes. Some PLFAs are 
useful biomarkers of specific microbial microbes and can provide quantitative information on 
microbial community dynamics (Williams et al. 2006). The first step could test whether fungal 
biomass increases with increasing plant species richness. The second step will provide quantitative 
information on decomposition-related microbial groups along the plant diversity gradient. 
Q2: Which process drives the positive relationship between plant species richness and 
standing root biomass in the field?
Regarding the positive relationship between plant species richness and standing root biomass, the 
main conclusion I have is that time is an important factor. Time here has a twofold meaning: the 
community age and the study duration. By comparing our study with Mommer et al. (2015), I 
propose that in mature grasslands, plant diversity may have only a minor effect on root turnover 
and one growing season is likely too short to detect such a small diversity effect. In contrast, in 
young grasslands, we are more likely to observe how plant diversity drives the accumulation of 
standing root biomass. 
To test whether community age and observational period influence root production and 
mortality, one could monitor these root processes in communities at different developmental stages 
with minirhizotrons. In the Jena Experiment, a new diversity experiment (“delta-BEF”) was 
established in 2016 which had the same species combination as the plant communities used in this 
dissertation but on different soils. One type of the soil used in the delta-BEF experiment was taken 
from a crop field to mimic the initial soil condition of the Jena Experiment. Plant communities 
growing in the crop-field soil will likely reproduce the establishment of the positive relationship 
between plant species richness and standing root biomass as shown in Ravenek et al. (2014). 
Monitoring root production and mortality in the delta-BEF experiment will reveal the more initial 
processes driving the enhanced standing root biomass in species-rich communities. Yet, it might 
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take two to three years to observe significant diversity effects. Ravenek et al. (2014) found that the 
positive relationship between plant species richness and standing root biomass was only significant 
from the fourth year onwards. Meanwhile, continually monitoring root processes in mature 
communities will tell us whether the lack of significant diversity effect was due to the short 
observational period. Even though we might still miss data on winter root dynamics due to practical 
reasons, we can use the last observation from the previous year and the first observation from the 
following year to roughly estimate root production and mortality over winter months. These two 
approaches may help to understand the belowground development in grasslands and shed more 
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In the context of global biodiversity loss, Biodiversity – Ecosystem Functioning (BEF) research 
has thrived since the 1990s. Currently, there is a consensus that biodiversity promotes a wide range 
of ecosystem functions such as biomass production, decomposition of leaf litter, and soil carbon 
sequestration. Consequently, biodiversity supports multiple ecosystem services that are essential 
for human well-being. Although a significant part of ecosystem processes take place belowground, 
the majority of BEF studies have had an aboveground focus. Root processes – decomposition, 
production, and mortality – are intrinsic parts of ecosystem carbon cycling, and thus they are 
important for understanding the positive relationship between plant diversity and soil carbon stock. 
Despite the fact that root biomass makes up a substantial fraction of plant biomass, especially in 
grasslands, we have only limited knowledge about root processes in the BEF context. In this 
dissertation, I investigated (1) whether and how plant diversity affected root decomposition and 
(2) how plant diversity enhanced standing root biomass and influenced root turnover.
Plant diversity may affect root decomposition. Decomposition studies have shown that 
climate, litter quality, and soil biota are major determinants of plant litter decomposition. At the 
local scale, litter quality, soil biota, and soil abiotic conditions likely change with plant diversity. 
It is reported that C:N ratio of grassland biomass increases with increasing plant diversity at least 
for the aboveground compartment, which generally reduces decomposition of plant litter. 
Moreover, plant diversity increases soil microbial biomass and decomposer abundance, which 
likely stimulates plant litter decomposition. Additionally, studies have shown that topsoil water 
content increases with increasing plant diversity, which enhances microbial activity and may 
stimulate decomposition. Therefore, plant diversity may affect root decomposition via three non-
mutually exclusive pathways: (1) by producing roots of different litter quality, (2) by supporting 
soil biota varying in community composition and structure, and/or (3) by affecting soil abiotic 
conditions. I hypothesized that with increasing plant species richness, root litter quality decreases 
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and the soil environment (including biotic and abiotic conditions) increases root decomposition. 
These two pathways may cancel each other out and lead to a neutral effect of plant species richness 
on root decomposition. The few studies available have yielded mixed effects of plant diversity on 
root decomposition.
I tested these hypotheses in Chapter 3 in a long-term grassland diversity experiment (the Jena 
Experiment). I examined the effects of different measures of plant diversity, i.e., species richness, 
functional group richness, and presence/absence of individual functional groups on root 
decomposition by decomposing plot-specific  roots  in  their  ‘home’  plots  using  litter bags (the 
combined quality-environment experiment). The litter-bag approach is a standardized method for 
studying litter decomposition, in which a certain amount of plant litter is enclosed in mesh bags 
and decomposition is measured via changes in litter amount. Further, I included two more 
decomposition experiments to disentangle the potential underlying pathways. I buried plot-specific 
roots in one common grassland to assess the litter quality pathway and deployed standardized roots 
in all of the experimental plots to assess the general soil environment pathway which includes soil 
biota and soil abiotic conditions. Besides, I measured root C:N ratio and topsoil water content to 
represent the root litter quality and soil environment pathways, respectively.
I found that plant species richness negatively affected root decomposition in all three 
experiments. These results suggest that plant species richness reduces root decomposition via 
negatively affecting both root litter quality and soil environment. The increased root C:N ratio 
largely explained the negative effect of plant species richness on root litter quality. However, 
topsoil water content was not related to the negative soil environment pathway as it increased 
rather than decreased with increasing plant species richness. Moreover, presence/absence of 
individual functional groups explained more variation in root litter quality than species richness. 
Here, the presence of grasses negatively affected root litter quality (supported by increased root 
C:N ratio), while the presence of legumes and small herbs had positive effects. Functional group 
richness did not affect root decomposition in all three experiments. Using three decomposition 
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experiments, I provide clear evidence that plant species richness decreases root decomposition and 
that both root litter quality and soil environment drive the decreased root decomposition.
While Chapter 3 clearly demonstrates a negative effect of plant species richness on root 
decomposition, it could not reveal the relative importance of the different pathways or separate 
soil biota and soil abiotic condition pathways. Moreover, the data do not allow to quantify the 
effect of individual variables within each pathway because I could only use a single representative 
variable for each pathway. In Chapter 4, I further explored the pathways driving the diversity-
root decomposition relationships and compared their relative contributions to the overall root 
decomposition. I compiled as many as 31 field-measured variables to directly characterize all three 
pathways – root litter quality, soil biota, and soil abiotic conditions – and applied structural 
equation modeling (SEM) to root mass loss in the combined quality-environment experiment. This 
specific decomposition experiment contains largely the actual interplay among root litter quality, 
soil biota, and soil abiotic condition pathways. In Chapter 4, I hypothesized that all three pathways 
significantly affect the relationship between plant diversity and root decomposition. 
The final structural equation model explained up to 70% of the variation in root 
decomposition. Consistent with findings in Chapter 3, plant species richness negatively affected 
root decomposition. This negative effect of plant species richness was partially due to increased 
Oribatida abundance but was weakened by enhanced root potassium (K) concentration in more 
diverse mixtures. Equally, grass presence negatively affected root decomposition. This negative 
effect of grass presence was mostly mediated via increased root lignin concentration and supported 
via increased Oribatida abundance and decreased root K concentration. In contrast, legume 
presence positively affected root decomposition via decreased root lignin concentration and 
increased root magnesium (Mg) concentration which both led to increased root decomposition. In 
Chapter 4, I identified the variables mediating the effects of plant diversity on root decomposition 
and their relative importance for the effects of plant diversity. I demonstrate that root chemistry is 
a universal pathway for explaining the effects of plant diversity on root decomposition. Oribatida 
are also involved in root decomposition but the exact mechanism clearly requires further research. 
Interestingly, root morphology and soil abiotic conditions do not play key roles in the relationship 
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between plant diversity and root decomposition at local scales. Most importantly, I directly show 
that different measures of plant diversity influence root decomposition via different pathways. 
In Chapter 5, I shifted my focus to root processes preceding root decomposition - root 
production and mortality. These two processes determine potential and actual amounts of root litter 
input into soils, respectably and collectively determine standing root biomass. The limited 
evidence available implies that root production increases and root mortality decreases with 
increasing plant species richness and both processes together drive the enhanced standing root 
biomass. Yet, the dearth of data limits our ability to generalize these diversity effects on root 
dynamics. With increasing plant diversity, root production may increase due to root 
overproduction (the tragedy of the commons) and the relaxed stress from species-specific 
pathogens and pests. Meanwhile, the relaxed stress from species-specific pathogens and pests 
together with the reduced topsoil temperature may prolong root lifespan (reciprocal of root 
turnover rate). Therefore, the relative root mortality (= root turnover rate) likely decreases with 
increasing plant species richness. However, community root mortality may still increase due to the 
higher standing root biomass in species-rich communities. Thus, I hypothesized that root 
production and root lifespan increase with increasing plant species richness. Accordingly, root 
turnover rate declines with increasing plant species richness.
I tested these hypotheses in Chapter 5 by monitoring in situ root production and mortality 
biweekly from late February to late October in 2015 in a long-term field biodiversity experiment 
using minirhizotrons. Minirhizotrons are transparent glass or plastic tubes inserted into soils, 
through which roots at the interface between the tube and the soil are scanned regularly. By 
comparing roots in consecutive scans, we can determine root production and mortality at each 
interval. Using the high temporal resolution data, I confirmed that plant species richness 
consistently enhanced standing root length throughout the observational period and demonstrated 
that the temporal dynamics of root production and mortality had different patterns. However, 
partially contrary to my hypotheses, plant species richness did not significantly affect rates of root 
length production, mortality, or turnover. Only root lifespan increased slightly with increasing 
140 
plant species richness. The lack of significant diversity effect on root length-based measures seems 
to contradict findings in other studies. However, while the only other diversity study using 
minirhizotrons monitored the initial phase of a biodiversity experiment, I monitored plant 
communities at 13 years old. Moreover, the sizes of diversity effects on annual root production 
and mortality in the other study tended to decline with time. Combining my results with others, I 
propose that community age may be an important factor for understanding the diversity-standing 
root biomass relationship. In mature grasslands, plant species richness may only have a minor 
effect on root turnover and one growing season may be too short to detect such a small effect.
In summary, the key findings of this dissertation are: (1) at the community level, increasing 
plant species richness and the presence of grasses reduce root decomposition while the presence 
of legumes stimulates root decomposition. (2) Different measures of plant diversity (i.e., plant 
species richness and presence/absence of grasses and legumes) influence root decomposition via 
different pathways. (3) Time (in terms of community age and study duration) matters for 
understanding the relationship between plant diversity and root turnover. The results of this
dissertation collectively provide new insights into the relationship between plant species richness 
and soil carbon stock in mature grasslands. Based on the new paradigm of soil carbon formation, 
plant species richness may enhance soil carbon stock through a greater input of partially 
decomposed root residuals (reduced root decomposition) and a higher input of root exudates 
(increased standing root biomass).To move forward in root decomposition and turnover, future 
BEF research should focus on unraveling the functional role of soil biota in root decomposition 




Vor dem Hintergrund der globalen Biodiversitätskrise hat sich seit Beginn der 90er Jahre die 
Biodiversitätsforschung entwickelt, die sich mit dem Zusammenhang zwischen Biodiversität und 
Ökosystemfunktion (BEF) beschäftigt. Nach aktuell vorherrschender Meinung unterstützt die 
Biodiversität eine große Bandbreite von Ökosystemfunktionen, wie z.B. Biomasseproduktion, 
Zersetzung von Blattstreu und Sequestrierung von Kohlenstoff im Boden. Gleichzeitig fördert die 
Biodiversität dadurch eine Vielzahl von Ökosystemdienstleistungen, die essentiell für das 
menschliche Wohlbefinden sind. Obwohl ein signifikanter Anteil der Ökosystemprozesse 
unterirdisch stattfindet, konzentrierte sich der Großteil der BEF Studien bislang auf oberirdische 
Aspekte. Wurzeln, sowie ihre Zersetzung, ihr Wachstum und ihre Mortalität, sind ein intrinsischer 
Teil des Kohlenstoffkreislaufes und daher wichtig für das Verständnis des positiven 
Zusammenhangs zwischen der Diversität der Pflanzen und dem Kohlenstoffkreislauf im Boden. 
Besonders im Grasland stellen Wurzeln einen substanziellen Anteil der Pflanzenbiomasse dar, und 
dennoch haben wir ein sehr limitiertes Wissen über Wurzelprozesse im Zusammenhang von BEF. 
In dieser Dissertation habe ich untersucht, ob und wie sich die Diversität von Pflanzen (1) auf die 
Wurzelzersetzung auswirkt, (2) die Wurzelbiomasse fördert und damit insgesamt den 
Wurzelumsatz beeinflusst. 
Die Diversität von Pflanzen kann die Zersetzung von Wurzelstreu beeinflussen. Studien 
haben gezeigt, dass Klima, Streuqualität und Bodenbiota die Haupteinflussfaktoren auf 
Streuzersetzung sind. Auf der lokalen Skala können sich Streuqualität, Bodenbiota und abiotischen 
Bedingungen im Boden am stärksten mit zunehmender Diversität der Pflanzen verändern.  So 
steigt das C:N Verhältnis der oberirdischen Biomasse im Grasland mit zunehmender 
Pflanzenartenzahl an, was nachweislich die Zersetzung der Blattstreu reduziert. Zudem erhöht die 
Diversität der Pflanzen die mikrobielle Biomasse im Boden und die Abundanz der Destruenten, 
was wahrscheinlich die Streuzersetzung beschleunigt. Darüber hinaus wurde mit zunehmender 
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Diversität der Pflanzen ein erhöhter Wassergehalt im Oberboden nachgewiesen, was wiederum 
die mikrobielle Aktivität erhöhen und damit die Streuzersetzung anregen könnte. Somit kann die 
Diversität von Pflanzen Wurzelzersetzung über drei, sich nicht gegenseitig ausschließende 
Reaktionswege beeinflussen: (1) über die Qualität der Wurzelstreu, (2) ihren Einfluss auf die 
Artengemeinschaft und Struktur von Bodenbiota, und/oder (3) über Veränderungen der 
abiotischen Bodenbedingungen. Ich habe in meiner Doktorarbeit die Hypothese aufgestellt, dass 
mit zunehmender Anzahl von Pflanzenarten die abnehmende Qualität der Wurzelstreu eine 
Abnahme, und die verbesserten Umweltbedingungen im Boden (abiotisch und biotisch) eine 
Zunahme der Wurzelstreuzersetzung bedingen. Diese beiden gegenläufigen Effekte könnten 
insgesamt einen neutralen Effekt der Anzahl von Pflanzenarten auf die Wurzelzersetzung zur 
Folge haben. Die bislang geringe Zahl verfügbarer Studien hat gemischte Effekte der Diversität 
von Pflanzen auf Wurzelzersetzung gezeigt. 
Ich testete diese Hypothesen in Kapitel 3 in einem Langzeit-Biodiversitätsexperiment im 
Grasland (Jena Experiment). Dabei untersuchte ich den Einfluss verschiedener Diversitätsmaße –
der Artenzahl, der Anzahl funktioneller Gruppen und der Anwesenheit bestimmter funktioneller 
Gruppen – auf Wurzelzersetzung. Hierzu habe ich die Zersetzung von plotspezifischen Wurzeln 
in  ihrem „Heimatplot“ mit Hilfe  sogenannter Streubeutel untersucht  (das kombinierte Qualität-
Umwelt-Experiment). Streubeutel sind kleine Beutel aus Netzgewebe in denen eine definierte 
Menge gereinigter Wurzeln im Boden vergraben wird, um nach definierten Zeiten die Zersetzung 
der Wurzeln über Masseverlust zu bestimmen. Ich habe darüber hinaus zwei weitere 
Zersetzungsversuche durchgeführt, um die zu Grunde liegenden Mechanismen der Zersetzung zu 
beleuchten. Zum einen habe ich plotspezifische Wurzeln in einer homogenen Wiese vergraben, 
um den Einfluss der Streuqualität zu messen. Zum anderen habe ich standardisierte Wurzeln in 
allen experimentellen Plots vergraben um den Einfluss der Bodenumweltbedingungen zu 
untersuchen, die sowohl abiotische als auch biotische Effekte einschlossen. Darüber hinaus habe 
ich die Wurzel-C/N Konzentration stellvertretend für Streuqualität und den Wassergehalt im 
Oberboden zur Charakterisierung der abiotischen Bodenparameter gemessen.
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Meine Ergebnisse zeigten einen negativen Effekt der Pflanzenartenzahl auf die 
Wurzelzersetzung in allen drei Teilversuchen, das heißt die Pflanzenartenzahl reduziert die 
Wurzelzersetzung sowohl durch eine Reduktion der Streuqualität als auch durch ihren Einfluss auf 
Umweltbedingungen im Boden. Die reduzierte Streuqualität wurde größtenteils durch einen 
Anstieg im C/N Verhältnis in der Wurzelstreu erklärt. Die schlechteren Bodenumweltbedingungen 
für Streuzersetzung wurden dagegen nicht durch den Wassergehalt im Oberboden erklärt, der eher 
eine steigende als fallende Tendenz mit der Artenzahl des Plots zeigte. Darüber hinaus erklärte die 
Präsenz einzelner funktioneller Gruppen einen höheren Anteil der Varianz in der Wurzelqualität 
als die Artenzahl. Hierbei zeigten Gräser einen negativen Effekt auf die Qualität der Wurzelstreu 
(unterstützt durch eine Zunahme im C/N Verhältnis), während Leguminosen und kleine Kräuter 
einen positiven Effekt zeigten. Die Anzahl funktioneller Gruppen selbst hatte jedoch in allen drei 
Teilversuchen keinen Einfluss auf die Wurzelzersetzung. Durch drei getrennte Versuche zur 
Wurzelzersetzung konnte ich eindeutig nachweisen, dass eine höhere Anzahl von Pflanzenarten 
die Zersetzung von Wurzelstreu reduziert und dass dieser Prozess sowohl durch die geringe 
Streuqualität als auch durch schlechtere Bodenumweltbedingungen gesteuert wird. 
Trotz des eindeutigen Nachweises einer abnehmenden Zersetzung von Wurzelstreu mit 
zunehmender Diversität von Pflanzen, konnte das Kapitel 3 die relativen Anteile der verschiedenen 
Reaktionswege weder aufklären noch zwischen Bodenbiota und abiotischen Bedingungen 
unterscheiden. Darüber hinaus ließen die Daten keine Quantifizierung einzelner Variablen 
innerhalb der drei Reaktionswege zu, da ich jeweils nur eine repräsentative Variable pro Weg 
verwenden konnte. In Kapitel 4 vertiefte ich diesen Ansatz mit dem Ziel, die relativen Anteile der 
drei möglichen Reaktionswege zu vergleichen. Hierzu stellte Ich Daten von 31 im Feld 
gemessenen Variablen zusammen, um die drei Wege –Wurzelqualität, Bodenbiota und abiotische 
Bodenbedingungen – zu charakterisieren.  Mit Hilfe von Strukturgleichungsmodellen (SEM) 
testete ich, welche Variablen die Wurzelstreuzersetzung am besten vorhersagen konnten. Ich 
verwendete die Streuzersetzung aus dem kombinierten Qualität-Umwelt Teilversuch, da diese das 
Zusammenspiel zwischen Streuqualität, Bodenbiota und abiotischen Bodenbedingungen 
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realistisch widerspiegelt. Meine Hypothese in Kapitel 4 besagte, dass alle drei Reaktionswege den 
Einfluss der Diversität der Pflanzen auf die Wurzelzersetzung signifikant steuern. 
Das finale Strukturgleichungsmodel erklärte nahezu 70% der Varianz der Wurzelzersetzung. 
In Übereinstimmung mit Kapitel 3 fand ich auch hier einen negativen Einfluss der Pflanzenartzahl 
auf die Zersetzung der Wurzelstreu. Dieser negative Effekt zunehmender Pflanzenartzahl war 
teilweise auf eine erhöhte Abundanz von Oribatida zurückzuführen, der jedoch durch eine erhöhte 
Kaliumkonzentration in Wurzeln diverser Mischungen abgemildert wurde. Im Gegensatz dazu 
hatte die Präsenz von Leguminosen einen positiven Effekt auf Wurzelzersetzung. Dies wurde 
hervorgerufen durch eine geringere Lignin- und eine erhöhte Magnesiumkonzentration in der 
Wurzelstreu, die beide eine erhöhte Zersetzung zur Folge hatten. In Kapitel 4 habe ich somit die 
Variablen identifiziert, die für den negativen Einfluss der Diversität der Pflanzen auf 
Wurzelzersetzung verantwortlich sind und ihre relative Bedeutung quantifiziert. Ich zeige, dass 
die chemische Zusammensetzung von Wurzeln eine universelle Bedeutung für den negativen 
Einfluss von Diversität der Pflanzen auf  die Wurzelzersetzung hat. Oribatida sind gleichsam in 
den Prozess der Wurzelzersetzung eingebunden, jedoch sind die mechanistischen 
Zusammenhänge dort bislang ungeklärt. Interessanterweise spielen Wurzelmorphologie und 
abiotische Bodenbedingungen keine wichtigen Rollen für den Zusammenhang zwischen Diversität 
der Pflanzen und Wurzelzersetzung auf der lokalen Skala. Hervorheben möchte ich jedoch die 
Tatsache, dass verschiedene Maße der Diversität der Pflanzen die Zersetzung von Wurzelstreu 
über verschiedene Reaktionswege beeinflussen.  
In Kapitel 5 wende ich meine Aufmerksamkeit den Prozessen zu, die der Wurzelzersetzung 
vorausgehen:  Wachstum und Mortalität der Wurzeln. Beide Prozesse bestimmen die potentielle 
bzw. tatsächliche Menge von Wurzelstreu, die in den Boden eingetragen wird und resultieren 
gemeinsam in der stehenden Wurzelbiomasse. Die limitierte Anzahl verfügbarer Studien legt nahe, 
dass Wurzelwachstum mit der Diversität der Pflanzen zunimmt, während Wurzelmortalität 
abnimmt. Beide Prozesse zusammen führen daher zu einer höheren stehenden Wurzelbiomasse in 
diverseren Grasländern. Der Mangel an Daten lässt jedoch bislang keine allgemeine Aussage über 
den Effekt von Diversität auf die Dynamik von Wurzeln zu. Mit zunehmender Diversität der 
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Pflanzen könnte das Wurzelwachstum aufgrund einer Überproduktion ansteigen („tragedy of the 
commons“), die durch eine Reduktion artspezifischer Pathogene und Schädlinge im Boden bedingt 
ist. Gleichzeitig könnten der reduzierte Stress durch diese Pathogene und Schädlinge zusammen 
mit einer reduzierten Oberbodentemperatur zu einer längeren Lebensdauer der Wurzeln führen (= 
Reziprok des Wurzelumsatzes). Dadurch würde insgesamt die relative Wurzelmortalität (= 
Wurzelumsatzrate) mit zunehmender Pflanzenartenzahl abnehmen. Die Wurzelmortalität der 
gesamten Pflanzengemeinschaft könnte jedoch, aufgrund der höheren stehenden Wurzelbiomasse 
in diverseren Systemen, immer noch mit steigender Artenzahl zunehmen. In Kapitel 5 teste ich 
die Hypothese, dass das Wurzelwachstum und die Wurzellebensdauer mit zunehmender 
Pflanzenartenzahl zunehmen, während gleichzeitig die Wurzelumsatzrate abnimmt.
Ich teste diese Hypothese indem ich in situ Wurzelwachstum und -mortalität in zweiwöchigen 
Intervallen von Ende Februar bis Ende Oktober 2015 in einem Langzeit-Biodiversitätsexperiment 
im Freiland messe. Diese Messungen erfolgen mit Minirhizotronen, das sind Glas- oder 
Plastikröhren, die in den Boden eingebracht werden. Durch die transparenten Wände können die 
Wurzeln, die außen an der Röhre entlang wachsen, regelmäßig gescannt werden. Durch den 
Vergleich der Wurzeln aus aufeinanderfolgenden Scans kann Wurzelwachstum und -mortalität in 
jedem Intervall bestimmt werden. Durch die hohe zeitliche Auflösung meiner Daten konnte ich 
bestätigen, dass eine höhere Pflanzenartenzahl eine durchgehend höhere stehende Wurzellänge 
bedingt. Zudem konnte ich zeigen, dass die zeitliche Dynamik von Wurzelwachstum und -
mortalität sich innerhalb der Vegetationsperiode unterscheidet. Teilweise im Gegensatz zu meinen 
Hypothesen zeigte jedoch die Pflanzenartenzahl keinen signifikanten Effekt auf die Raten der 
Wurzellängenproduktion, Wurzelmortalität oder den Wurzellängenumsatz. Einzig die 
Wurzellebensdauer war mit zunehmender Artenzahl leicht erhöht. Der Mangel an signifikanten 
Effekten der Artenzahl auf die Entwicklung der Wurzellänge scheint im Gegensatz zu den 
Ergebnissen anderer Studien zu stehen. Allerdings stammt der einzige bisherige Datensatz aus 
einem Versuch, in dem mit Minirhizotronen die initiale Phase eines Diversitätsexperimentes 
gemessen wurde. Ich hingegen verfolgte Pflanzengemeinschaften im Alter von 13 Jahren. Zudem 
nahm in der Vergleichsstudie der Diversitätseffekt auf das jährliche Wurzelwachstum und die 
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Wurzelmortalität mit der Zeit ab. Aus dem Vergleich meiner und anderer Forschungsergebnisse 
ziehe ich den Schluss, dass das Alter der Pflanzengemeinschaft wichtig ist für das Verständnis der 
Beziehung zwischen Diversität und stehender Wurzelbiomasse. In etablierten Grasländern könnte 
die Diversität der Pflanzen nur einen geringeren Einfluss auf den Wurzelumsatz haben, und eine
Vegetationsperiode könnte zu kurz sein, um diese kleinen Effekte aufzudecken. 
Insgesamt lassen sich die wichtigen Ergebnisse dieser Doktorarbeit wie folgt zusammenfassen: 
(1) Auf der Ebene der Pflanzengemeinschaft reduziert eine höhere Pflanzenartenzahl und die 
Präsenz von Gräsern die Zersetzung von Wurzelstreu, während die Anwesenheit von Leguminosen 
Wurzelzersetzung stimuliert. (2) Verschiedene Maße der Diversität der Pflanzen (d.h. 
Pflanzenartenzahl und die Präsenz von Gräsern und Leguminosen) beeinflussen Wurzelzersetzung 
über unterschiedliche Reaktionswege. (3) Zeit (in Sinne von Alter der Pflanzengemeinschaft und 
Dauer einer Studie) beeinflusst das Verhältnis zwischen der Diversität der Pflanzen und 
Wurzelumsatz. Die Ergebnisse dieser Dissertation ermöglichen neue Einblicke in den 
Zusammenhang zwischen der Diversität der Pflanzen und dem Kohlenstoffgehalt des Bodens von 
etablierten Grasländern. Basierend auf neuen Erkenntnissen zur Bildung von Bodenkohlenstoff, 
könnte die Diversität von Pflanzen durch den erhöhten Eintrag von teilweise zersetztem 
Wurzelmaterial (reduzierte Wurzelzersetzung) und einen höheren Eintrag von Wurzelexsudaten 
(erhöhte stehende Wurzelbiomasse) den Kohlenstoffgehalt des Bodens erhöhen. Tiefere Einblicke 
in die Wurzelzersetzung und den Wurzelumsatz erfordern, dass zukünftige BEF Studien die 
funktionelle Rolle von Bodenbiota auf die Wurzelzersetzung näher beleuchten, und dass die 
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